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Preface 


Fluctuations  encountered  in  Physical  Systems,  mainly  electric  current  and  voltage  fluctu¬ 
ations,  are  called  noise  in  a  generalized  sense.  The  present  Conference  Proceedings  also  include 
biological  systems  and  systems  of  any  nature.  Both  stochastic  and  chaotic  fluctuations  are  the 
subject  of  this  Conference,  which  is  a  meeting  place  of  physicists,  engineers,  and  scientists  of 
many  other  disciplines.  It  provides  a  bridge  linking  theorists  and  applied  scientists  involved  in 
the  design  of  new  electronic  devices.  Most  important,  the  Conference  and  these  Proceedings 
provide  a  forum  for  new  ideas  and  methods  with  great  impact  on  the  future  development  of 
science  and  technology  on  all  continents. 

One  of  the  ideas  in  fashion  today  is  expressed  by  the  concept  of  stochastic  resonance.  Al¬ 
though  it  was  known  before  that  in  nonlinear  systems  the  transmitted  signal-to-noise  ratio  can  be 
an  arbitrarily  complicated  function  of  the  input  signal  and  noise  levels,  the  so-called  stochastic 
resonance  is  an  outright  decrease  of  this  ratio  with  decreasing  noise  input  in  some  bistable 
systems  at  low  levels  of  input  noise.  The  concept  is  applied  to  the  nervous  system  and  to  hetero¬ 
dyning  in  these  Proceedings. 

After  1925  the  Nyquist  theorem  shaped  the  development  of  many-body  physics  and  of  the 
thermodynamics  of  irreversible  processes.  This  basic  theorem  linking  dissipation  to  equilibrium 
fluctuations  exemplified  the  essential  role  which  the  phenomenon  of  noise  in  physical  systems 
plays  in  all  fields  of  science  and  engineering.  At  a  more  fundamental  level,  the  quantum  1// 
effect  reshapes  the  notions  of  “cross  section,”  “process  rate,”  and  “current”  in  general  today, 
introducing  new,  physical,  notions  in  their  place,  which  describe  and  predict  for  the  first  time  the 
technically  important  1//  quantum  fluctuations  present  in  them.  Van  Vliet  once  called  it  a  new 
aspect  of  quantum  mechanics  which  stands  out  by  its  simplicity.  After  years  of  doubts  and 
testing  in  the  scientific  community,  its  simple  universal  quantum  1//  formulas  la/irfN  and 
laA/fN  validate,  explain,  and  generalize  not  only  Hooge’s  empirical  formulation  of  the  idea  of 
fundamental  1//  noise,  but  also  its  initial  ( 1966)  expression  in  terms  of  the  spectrum  of  homoge¬ 
neous  isotropic  turbulence  of  the  magnetic  field. 

The  advent  of  the  quantum  1//  theory,  which  is  no  model,  but  rather  plain,  straightforward 
quantum  electrodynamics,  marked  a  turning  point  in  the  field  of  noise  in  physical  systems, 
dramatically  increasing  its  relevance  to  high-technology  applications  and  devices.  Indeed,  in 
most  high-tech  settings  all  classical  sources  of  noise  and  instability  have  been  eliminated  or 
reduced  to  a  minimum.  Invariably,  then,  the  fundamental  quantum  1//  noise  present  in  the 
elementary  cross  sections  or  process  rates  which  control  the  performance  of  the  device  come  to 
the  forefront  and  become  highly  visible  as  the  ubiquitous  1//  noise  which  determines  the  achiev¬ 
able  stability  limits.  This  is  why  the  quantum  1//  effect  limits  the  performance  of  most  high-tech 
devices.  If  this  is  not  the  case  in  a  device,  we  must  improve  it  until  the  quantum  limit  is  reached, 
as  our  great  teacher  Aldert  van  der  Ziel  used  to  say.  Even  after  the  quantum  limit  has  been 
reached,  we  must  use  the  quantum  1//  formulas  to  optimize  the  stability  of  the  device  on  the 
basis  of  a  reasonable  figure  of  merit  containing  our  quantum  1//  “fine  structure”  constant 
a  =  1/137,  by  modifying  the  blueprint  within  the  restrictions  set  by  all  the  other  important 
device  parameters.  A  Quantum  1//  Round  Table  evening  is  dedicated  to  both  practical  and 
theoretical  aspects. 

Quantum  1//  noise  is  as  fundamental  as  time  and  space.  In  the  long  run,  quantum  1// 
research  may  thus  clarify  the  fundamental  dynamical  nature  of  space,  time,  and  quantum  me¬ 
chanics  itself. 

The  groundbreaking  work  of  Aldert  van  der  Ziel  who  left  us  in  1991,  stands  out  as  a  symbol 
for  the  often  unrecognized  or  overlooked  pioneering  electronic  noise  research  which  made  possi- 
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ble  most  of  the  experimental  and  technological  discoveries  of  our  century  in  physics  and  engi¬ 
neering.  Due  to  the  general  scarcity  of  information,  interest,  and  appreciation  for  the  subject  of 
electronic  noise,  the  work  of  van  der  Ziel,  Nyquist,  Schottky,  Johnson,  and  of  other  founders  of 
this  field  has  not  received  the  recognition  it  deserved.  We  have  to  continue  their  tradition  of  noise 
research  with  increased  confidence  and  stronger  mutual  cooperation. 

The  present  Conference  continues  the  series  of  International  Conferences  on  Noise  in  Phys¬ 
ical  Systems  started  in  Nottingham,  England,  1968,  and  the  series  of  International  1//  Noise 
Symposia  initiated  by  Musha  in  Tokyo,  1977.  The  two  series  merged  in  Montpellier,  France,  in 
1983  with  the  present  title  reflecting  the  steady  increase  of  interest  in  1//  noise  since  the  mid- 
1970s.  The  13th  Conference  will  be  held  in  Lithuania  in  1995.  An  independent  series  of  Interna¬ 
tional  Quantum  1//  Noise  Symposia  was  initiated  by  van  der  Ziel  in  Minneapolis  in  1985  and 
continued  by  him  up  to  the  Fourth  Symposium*  in  Minneapolis,  1990.  The  Fifth  Quantum  1// 
Symposium,  held  for  the  first  time  in  St.  Louis,  in  May  1992,  was  named  in  the  honor  of  van  der 
Ziel.*  The  “Sixth  International  van  der  Ziel  Symposium  on  Quantum  1//  Noise  and  Other  Low- 
Frequency  Fluctuations”  will  be  held  here  in  St.  Louis,  1994. 

We  are  grieving  over  the  loss  of  Professor  J.  J.  Brophy  shortly  after  the  1991  Conference 
where  he  was  represented  by  C.  M.  Van  Vliet.  He  dedicated  much  of  his  scientific  work  to  the 
study  of  1//  noise. 

We  thank  the  members  of  the  Scientific  Committee  for  their  help  in  the  peer  review  of  the 
submitted  contributions.  The  accepted  papers  are  grouped  in  20  chapters.  We  are  very  indebted 
to  the  Organizing  Committee  for  their  support,  in  particular  to  Chancellor  Blanche  Touhill, 
Assistant  Dean  David  Klostermann,  and  Professor  Bernard  Feldman.  Last,  but  not  least,  ac¬ 
knowledgment  goes  to  Michael  Hennelly,  Soraya  Shalforoosh,  and  Maria  Taylor  from  the 
American  Institute  of  Physics  Books  Program,  for  preparing  the  Proceedings  in  time,  and  in  the 
best  technical  conditions. 


Peter  H.  Handel  and  Alma  L.  Chung 
University  of  Missouri-St.  Louis 


'Proceedings  copies  are  available  at  Registration. 
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NOISE  AND  ADMITTANCE  OF  HIGHLY  TRANSMISSIVE 
CONDUCTORS 

M.  Biittiker 

IBM  T.  J.  Watson  Research  Center,  Yorktown  Heights,  N.  Y.  10598 

ABSTRACT 

A  wide  range  of  mesoscopic  conductors  exhibit  open  conduction  channels 
which  permit  the  transfer  of  carriers  from  one  contact  to  another  without 
scattering.  At  zero  temperature  open  channels  do  not  contribute  to  the  shot 
noise.  For  non-interacting  carriers  we  give  the  frequency  and  temperature 
dependent  fluctuation  spectra  in  terms  of  the  scattering  matrix  of  the  con¬ 
ductor  and  discuss  the  frequency  dependent  admittance  of  multiprobe  con¬ 
ductors.  A  self-consistent  potential  approach  is  invoked  to  treat  interactions 
and  to  obtain  current  conservation. 

INTRODUCTION 

Conductance  can  be  viewed  as  a  scattering  problem  of  carriers  which  im¬ 
pinge  on  the  sample  and  are  either  reflected  at  the  sample  or  are  transmitted 
from  one  contact  to  another.  Here  I  am  interested  in  the  fluctuation  properties 
of  currents  and  in  the  ac-admittance  which  such  a  conduction  picture  implies. 
A  considerable  body  of  literature  exists  which  treats  fluctuations  in  tunneling 
structures ^  In  these  works  a  Bardeen  tunneling  Hamiltonian  is  taken  as  the 
starting  point.  The  probability  T  for  transmission  of  carriers  is  exponentially 
small  and  fluctuations  arc  evaluated  to  linear  order  in  T.  In  contrast  in  a 
Landauer  discussion  of  conductance  we  are  not  limited  to  the  case  of  small 
transmission  probabilities  but  can  investigate  transport  of  highly  transmissive 
conduction  channels.  Open  conduction  channels  which  permit  transmission 
with  a  probability  close  to  one  occur  in  many  situations:  Quantum  point 
contacts,  resonant  tunneling,  ballistic  conductors,  and  the  quantum  Hall  ef¬ 
fect.  Even  in  metallic  diffusive  conductors  in  which  at  first  sight  one  might 
assume  that  all  conduction  channels  only  exhibit  a  small  transmission  proba¬ 
bility  a  fraction  of  the  quantum  channels  can  be  viewed  as  being  open.  Fo*- 
a  two-probe  conductor  described  by  transmission  amplitudes  U/?,nn  and  re¬ 
flection  amplitudes  r«„nin  where  oc  =  1 , 2  and  /?  =  I,  2  label  the  contacts  and 
m  and  n  label  different  transverse  states  (scattering  channels)  the  shot  noise 
at  kT  0  is  given 

<  (AI)^  >„  =  2eAv  I  V,  -  Vj  I  ^  Tr(rt|  ,r,  ittj.tj,) 
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=  2eAvlV, -T„).  (1) 

In  Eq.  (1)  Av  is  a  frequency  interval,  |  Vi  -  V2  |  is  the  voltage  applied  across 
the  conductor  and  r  and  t  are  the  reflection  and  transmission  matrices.  The 
last  expression  of  Eq.  (I)  gives  the  shot  noise  in  terms  eigenvalues  Tp  of  the 
product  of  the  transmission  matrices  ttt.  Eq.  (1)  applies  for  an  arbitrary 
scattering  matrix  and  is  a  generalization  of  the  effective  single  channel  result 
of  Ref.  3.  Eq.  (1)  expresses  the  shot  noise  in  terms  of  a  product  of  four  scat¬ 
tering  matrices.  The  current  driven  through  the  sample  is  1  -  (e^/h)  Tr(ttt) 

I  V,  _  V2  I  =  (e^/h)  LpTn  1  Vi  -  V2 1  .  Consequently  the  shot  noise  given  by 
Eq.  (1)  is  equal  to  the  textbook  result  <  AP  >v  =  2eAv  <  1  >  only  if  all  the 
transmis«^ion  eigenvalues  Tp  arc  small  compared  to  I.  Eq.  (1)  is  a  consequence 
of  the  fact  that  a  carrier  which  strikes  a  scattcrer  can  be  either  transmitted  or 
reflected.  There  is  more  than  one  final  state  available.  Eq.  (1)  correctly  takes 
into  account  that  this  partition  noise  is  maximal  for  a  transmission  probability 
T--I/2.  Both  for  T-1  and  T  =  0  there  is  only  one  final  state  available  and 
no  partition  noise  is  generated.  For  additional  results  on  low-frequency  cur¬ 
rent  and  voltage  noise  we  refer  the  reader  to  Refs.  4-6. 

CURRENT  FLUCTUATION  SPECTRA 


Eq.  (1)  is  valid  in  the  zero-temperature  and  zero-frequency  limit.  Below  I 
briefly  indicate  the  derivation  of  this  result  and  present  a  temperature  and 
frequency  dependent  spectrum'^’^.  We  deal  with  carriers  which  obey  Fermi 
statistics.  The  statistics  is  in  turn  a  consequence  of  the  quantum  mechanical 
indistinguishability  of  identical  carriers.  A  discussion  which  starts  from  anti- 
symmetrical  many  particle  states  or  uses  a  second  quantization  language  is 
thu^  in  order.  We  introduce  operators  a„ni(E)  and  b«p,(E)  which  annihilate 
carriers  in  the  incoming  and  outgoing  channel  m  in  probe  a.  For  each  probe 
we  can  group  these  operators  into  vectors  a„(E)  and  b«(E)  with  M„(E)  com¬ 
ponents.  M«(E)  is  equal  to  the  number  of  quantum  channels  with  threshold 
below  energy  E.  The  aa(E)  and  b„(E)  operators  are  related  by  the  scattering 
matrices  K  -  We  are  interested  in  the  transfer  of  carriers  from  one 

contact  to  another  but  do  not  ask  where  exactly  in  the  contact  a  carrier  is 
created  or  annihilated.  The  current  is  then  specified  in  terms  of  the  vectors 
n„(E)  and  b„(E)  and  is  found  by  evaluating"^ 

|^(t)  =  j'dE<IF/[at„(E)aJE')  -  bt„(E)b„(E')]  exp(i(E  -  E')t/0-  (2) 

Wc  can  express  (he  current  operator  in  terms  of  the  a„(E)  operators  alone  with 
the  help  of  the  matrix^ 
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A^,(«.  E,  E  +  hw)  =  -  s1„^(E)s,,(E  +  hw).  (3) 

The  frequency-dependent  current  fluctuations  <  AI^AI^  >^  =  AvSa^(co)  are 
determined  by  the  spectra'^’’^ 

S,  JdETr[A,,(a,  E,  E  +  MA,^(/?,  E  +  ho,,  E)]F^,(E,  co),  (4) 

F,,(E,  a.)  =  f,(E)(l  -  f,{E  +  hw))  +  f,(E  +  ho,)(l  -  f/E)).  (5) 

At  equilibrium,  when  the  Fermi  functions  in  all  reservoirs  are  taken  at  the 
same  chemical  potential,  the  function  F  is  independent  of  the  indices  y  and  <5 
and  is  given  by  F(E,  ftco)  =  2[f(E)  —  f(E  +  hco)']  a(/zm,kT)/^co.  Here  e(hcjoX^) 
is  the  energy  of  an  harmonic  (quantum)  oscillator.  Eq.  (4)  gives  the 
Johnson-Nyquist  noise  at  equilibrium  and  in  the  presence  of  transport  de¬ 
scribes  the  combined  effects  of  thermal  noise  and  partition  noise.  At  kT  =  0 
for  a  two  probe  conductor,  in  the  presence  of  a  voltage  difference,  Eq.  (4) 
leads  to  Eq.  (1),  In  the  zero-frequency  limit,  the  spectra  given  by  Eq.  (4)  can 
be  shown  to  obey  current  conservation,  =  0  ,  and  =  0.  For  non¬ 
vanishing  frequency  current  conservation  is  obeyed  only  in  the  limit  where  the 
energy  dependence  of  the  scattering  matrix  can  be  neglected.  In  that  case  the 
frequency  dependence  is  entirely  given  by  the  Fermi  functions.  In  general,  for 
non-zero  frequencies,  charge  can  pile  up  inside  the  sample  and  the  sum  of  all 
currents  entering  the  sample  need  not  be  conserved.  In  such  a  case  we  should, 
however,  consider  not  only  the  conductor  itself  but  all  nearby  metallic  bodies. 
It  is  the  sum  of  the  currents  to  all  metallic  bodies  which  is  conserved. 

AC-CONDUCTANCE 

Eq.  (4)  is  interesting  from  another  point  of  view:  At  equilibrium  Eq.  (4) 
gives  via  the  fluctuation  dissipation  theorem  the  real  part  of  an  ac- 
condiictance.  The  imaginary  part  can  be  obtained  via  Kramers-Kronig  re¬ 
lations.  The  combined  real  and  imaginary  part  of  the  conductance  is^’^ 

ga/tF'-)  =  ^  jclETr[T„^„^  -  st,^(E)s„^(E  +  ha,))  ~  ^  ■  (<'>) 

Eq.  (6)  gives  the  current  response  <51^  to  an  oscillating  chemical  potential  Sjup. 
The  current  obtained  from  Eq.  (6)  is  the  response  to  a  thermodynamic  force 
(the  chemical  potential).  This  result,  obtained  in  collaboration  with  Thomas^ 
and  with  Pretre  and  Thomas^  should  be  contrasted  with  the  usual  linear  re¬ 
sponse  discussion  which  determines  currents  as  a  consequence  of  some  un¬ 
specified  external  field  (  acting  throughout  the  sample).  Eq.  (6)  can  be 
extended  to  the  non-equilibrium  case,  if  small  time-dependent  chemical  po- 
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tcntial  oscillations  occur  on  top  of  a  cic  potential  difference.  In  this  case  we 
have  to  replace  f(E)  -  f(E  +  fuo)  in  Eq.  (6)  by  fp{E)  -  f/?(E  +  hco). 


Like  the  current-current  fluctuation  spectra  these  conductances  generally  do 
not  obey  current  conservation,  Zag«/?(o))  0  and  L/?gof/?(rn)  0.  A  charge  ^Q-, 

can  pile  up  on  the  conductor:  —  koSQ]  =  Current  must  be  conserved, 

however,  if  we  consider  not  only  the  conductor  but  all  nearby  metallic  bodies. 
Below  w'e  consider  for  simplicity  only  one  additional  metallic  conductor  w^hich 
w^e  assume  to  be  capacitively  coupled  to  the  conductor.  The  charge  on  this 
additional  conductor  is  Qo  =  “  Qn  The  sum  of  all  currents  in  the  leads  of  the 
conductor,  a=  1,2,3,..  and  in  the  lead  o  connecting  the  gate  is  conserved, 
+  (>h  =  0.  Even  if  we  treat  the  gate  as  a  macroscopic  body  as  we  shall 
do  below,  this  problem  is  difficult  to  solve  since  it  requires  finding  the  poten¬ 
tial  distribution  Ui(r,  t)  throughout  the  mesoscopic  conductor.  Here  we  as¬ 
sume  that  it  is  sufficient  to  characterize  the  internal  potential  distribution  by 
a  single  voltage  Ui(t).  In  a  double  barrier  structure  or  in  a  quantum  dot  this 
internal  potential  could  characterize  the  potential  in  the  w^ell  or  inside  the  dot. 
The  current  in  probe  a  is  =  Zyg^y^tUy  —  g^ygH h,  w'here  gai(5Ut  gives  the 
current  in  probe  a  in  response  to  the  internal  voltage.  Since  the  current  can 
depend  only  on  voltage  differences  subtracting  (W\  from  all  voltages  gives, 
-  ( Sy g „ y ) U i .  Thc  oct  c li u I'g e  -  io.v^Qi  =  -  -  <^Io  on  the 

conductor  gives  rise  to  an  induced  potential  SV]  =  <^Qi/C  —  —  (i/a)C)(^lo. 
Solving  these  equations  for  the  response  of  the  conductor  and  thc  capacitor 
gives  a  for  the  interacting  system  (index  I)  admittances^ 


(i/o^C)Z^,g^y(o))5:^g^^(m) 


(7) 


s'o/iH  =■■  - 
gJ?o(f«)  =  " 


1  +  (i/o)C)Ej,^g^,,5(a)) 

I  +  (i/foC)Sj„,gy^(r-))  ■ 


(8) 

(9) 


An  oscillating  potential  (KI/j  gives  a  current  at  contact  a  of  the  conductor  dc- 
tennined  by  Eq.  (7)  and  gives  a  current  <5I„  flowing  to  the  gate  determined  by 
Eq.  (8).  An  o.scillating  gate  voltage  riUo  gives  a  current  at  contact  a  of  thc 
conductor  determined  by  Eq.  (9)  and  gives  a  current  flowing  to  the  gate  given 
by  g!.o(m)  =  -  Eyg},,.(m)  =  -  Eyg5„(m).  The  admittance  matrix  g'  is  current 
conserving.  Thc  admittance  matrix  of  thc  interacting  system,  Eq.  (7,8),  has 
the  property  that  each  element  is  a  function  of  all  the  non-interacting 
conductances.  An  interacting  .system  permits  ac-currents  for  purely 
capacitively  coupled  conductor's  for  which  all  off-diagonal  admittances  of  thc 
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non-interacting  system  vanish.  The  degree  to  which  Coulomb  forces  counter¬ 
act  deviations  from  a  charge  neutral  state  depends  on  the  capacitance  C.  For 
a  very  large  capacitance  little  energy  is  required  to  charge  the  sample  and  the 
admittances  given  by  Eq,  (7)  exhibit  only  small  departures  from  the 
admittance  of  the  non-interacting  system.  In  the  limit  of  a  small  capacitance 
the  current  induced  on  the  gate  becomes  small  and  the  admittances  Eq,  (8) 
and  (9)  vanish.  We  conclude  by  emphasizing  again  that  these  results  depend 
on  the  assumption  that  the  internal  potential  can  be  described  by  a  single 
voltage.  However  our  discussion  does  demonstrate  that  the  internal  potential 
needs  to  be  determined  from  the  unscreened  charges  which  are  a  consequence 
of  the  oscillations  of  the  external  potentials.  That  is  in  contrast  to  the  typical 
linear  response  theory  which  determines  a  response  to  an  external  but  un¬ 
known  field. 

FLUCTUATION  SPECTRA  WITH  INTERACTIONS 

For  a  conductor  which  can  be  described  by  a  single  induced  voltage  Uj  the 
fluctuating  current  at  probe  a  is  given  by  AI^  =  {SVp-Si]\)  + 

where  are  the  fluctuations  of  the  non-interacting  system  determined  by 
Eq.  (4).  We  are  interested  in  the  case  where  only  spontaneous  fluctuations 
occur  and  thus  SVp  =  0  at  all  contacts  of  the  conductor.  The  induced  voltage 
is  thus  determined  by  (){]-,  =  SQ-JC  =  -  (i/a)C)AI  where  AI  -  -  I„AI„  is  the 
sum  of  all  fluctuating  currents.  We  define 

i  2;^gay(®) 

wC  1  +  (i/o)C)E^,g^,(ffl) 

and  define  Xo{ft^)=  I  +  }.(«>)  and  find  for  the  fluctuation  spectra  of  the 

interaeting  system  (conductor  and  capacitor) 

Slp{m)  =  S^p{w}  +  x„{o))I.pS^p{w)  + 

+  (11) 

=  z„(fo)2;,S^„(ro)  4-  Z„(«)z%(o>)2;,,S^,((»).  (12) 

SL(«)  =  Z*„(co)2,S,/o))  +  Z„(«)z\M£,,S,5(ft)),  (13) 

The  current  across  the  capacitance  C  is  Alo(m)  -  -  ia)(5Qo(o)).  It  is  correlated 
to  the  current  fluctuations  at  the  contacts  of  the  conductor  with  a  spectrum 
given  by  Eqs.  (12,13).  The  spectrum  S},o((>^)  can  be  obtained  by  summation 
over  the  correlations,  S{,o(o))  =  —  EySoy(a)).  For  a  very  large  capacitance 
and  the  fluctuation  spectra  are  given  by  those  of  the  non-interacting 
system,  Eq.  (4).  In  the  zero-capacitance  limit  Xa  is  determined  by  a 
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frequency-dependent  ratio  of  conductances  leading  to  spectra  which  differ 
from  Eq.  (4).  The  interacting  spectra  obey  current  conservation 
Slo  +  5:, Si,  =  0  and  Sip  -h  -  0. 

CONCLUSIONS 

As  a  function  of  capacitance  Eqs.  (7-9)  and  Eqs.  (10-13)  describe  a  transi¬ 
tion  in  the  admittances  and  the  fluctuation  spectra  from  a  sample  that  can 
be  charged  at  little  energy  expense  (  large  C  limit )  to  a  sample  that  remains 
in  a  charge  neutral  state  (  zero  capacitance  limit ).  We  have  emphasized  the 
distinction  between  external  potentials  applied  to  the  contacts  and  internal 
potentials  which  arc  a  consequence  of  deviations  from  the  charge  neutral 
state.  The  discussion  presented  here  can  be  extended,  first  by  treating  the  gate 
on  equal  footing  with  the  conductor  (mcsoscopically)  and  can  be  extended  by 
calculating  with  the  help  of  Poisson7s  equation  the  space  and  time  dependent 
actual  voltage  distribution^^. 
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Hooge  Parameter  Determined  by  impurity  Scattering 
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ABSTRACT 

The  Hooge  parameter  of  a  doped  semiconductor  microstructure  is  shown  to  give 
^imp’  noise  parameter  determined  by  the  impurity  scattering.  The  electric  field 
dependence  of  the  noise  parameter  at  77K  is  interpreted  in  terms  of  the  impurity  scat¬ 
tering.  The  temperature  dependence  of  the  noise  parameter  experimantally  obtained 
below  100K  is  favorably  compared  with  a|^p  derived  from  the  quantum  1/f  noise  theo¬ 
ry.  The  cross-correlation  model  of  the  quantum  1/f  noise  theory  is  numerically  ana¬ 
lyzed  for  n-GaAs. 


1.  INTRODUCTION 

In  the  last  conference  at  Kyoto  Hooge  discussed  the  relation  between  and 
“latf^^^  This  is  successfully  applied  to  a  very  pure  sample  at  room  temperature, 
where  the  optical  phonon  scattering  of  the  electrons  is  dominant  in  compound  semi¬ 
conductors.  The  cross  correlation  formula  of  the  quantum  1/f  mobility  fluctuations  was 
also  discussed  by  Handel. The  dependence  of  on  temperature  was  favorably 
compared  with  that  expected  from  the  quantum  model.  As  an  extension  of  these 
studies  the  contribution  of  the  impurity  scattering  on  the  Hooge  parameter  is  dis¬ 
cussed  here. 

First  the  dependence  of  the  Hooge  parameter  on  the  electric  field  is  analyzed  theo¬ 
retically,  and  is  compared  with  that  obtained  from  the  experiments.  This  apparently 
indicates  that  the  impurity  scattering  determines  the  Hooge  parameter  at  77K.  The 
temperature  dependence  of  is  also  Interpreted  in  terms  of  the  impurity  scattering  at 
low  temperature.  This  is  quantitatively  compared  with  the  experiments.  Finally  some 
numerical  analyses  on  the  cross  correlational  formula  of  the  quantum  1/f  model  are 
presented,  and  compared  with  those  obtained  by  the  KVBH  model.^^^ 

2.  Electric  Field  Dependence  of 

The  electric  field  dependence  of  <x.y^  has  been  studied  by  Kleinpenning^®"®^  Bos- 
man^®)  and  others.^^®"^  of  Si  remarkably  decreased  above  the  field  of  50  kV/m  at 
78K,  and  was  interpreted  in  terms  of  the  mobility  fluctuations,  of  GaAs  did  not 
change  much  below  3kV/m  at  300K.  Above  that  field  Increased  rapidly  due  to  the 
carrier  number  fluctuations.  These  earlier  studies  assume  as  a  single  function  of 
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the  lattice  scattering.  In  the  following  we  intend  to  consider  the  effect  of  the  impurity 
scattering  as  well  as  that  of  the  lattice  scattering.  The  hot  electron  transport  in  n- 
GaAs^^^^  indicates  that,  at  77K,  the  lattice  mobility  decreases  rapidly  with  increas¬ 
ing  the  electric  field  while  the  impurity  mobility  fi-jmp  remains  virtually  constant  below 
4kV/cm.  The  mobility  is  determined  by  the  lattice  scattering  in  a  very  pure  sample,  and 
by  the  impurity  scattering  in  a  doped  n-GaAs.  a|^  will  be  expressed  as: 

“h(^)  =  (i^(E),isun,/M,(Eo)/M.|at)^  “lat  +  “imp  (1) 

where  iiguni’  mobility,  the  low  field  and  the  high  field 

mobility,  respectively.  The  1st  term  is  dominant  in  a  very  pure  sample  at  300K,  and  the 
2nd  term  becomes  dominant  in  a  doped  sample  at  77K.  The  mobility  M-gypp,  |X|g^,  M^jmn 
and  the  Hooge  parameter  aj^^,  are  obtained  from  the  cross  correlation  moderns 
and  |jl(E),  m.(Eq)  from  the  Monte  Carlo  simulation^^^^  We  obtained  from  these  results 
the  field  dependence  of  as  shown  in  Fig.  1.  In  a  conventionally  doped  sample  a|_|  is 
given  rather  independent  of  the  electric  field. 


ELECTRIC  FIELD  (kV/CM) 


Fig.  1  Electricic  field 
dependence  of  otj^, 
n^  as  a  parameter. 


Figure  2  shows  the  voltage  noise  spectrum  densities  of  a  FIB  filament^"^)  of  n-GaAs  as  a 
function  of  the  electric  field  at  77K.  Small  generation-recombination  (GR)  noise  bulges, 
which  correspond  to  the  activation  energy  of  0.2  eV,  were  superposed  on  fairly  pure  f 
characteristics. 

The  measured  parameter  <x.^  was  calculated  from  ofc|^  =  SyfN/V^  on  each  electric  field 
and  plotted  in  Fig.  3.  changed  little  with  the  electric  field  up  to  2  kV/cm  and  de¬ 
creased  slightly  between  2  and  5  kV/cm.  The  electron  mobility  determined  by  the  lattice 
scattering  is  known  to  decrease  rapidly  with  increasing  the  electric  field,  while  that 
determined  by  the  impurity  scattering  remains  virtually  constant.  To  know  which  scat¬ 
tering  Is  more  dominant  in  the  present  case,  the  low  field  value  of  a|_j  was  normalized 
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by  the  impurity  scattering  (tJ^imp(E)/jtjjy,p(Eo))^  or  the  lattice  scattering 
(li|gf(E)/|jL|gf(Eo))^,  and  drawn  by  the  solid  lines  in  Fig.  3.  It  is  the  consequence  of  the 
impurity  scattering  that  is  independent  of  the  electric  field. 


Fig.  2  Voltage  Noise 
Spectra  of  FIB-GaAs, 
electric  field  as  a 
parameter. 


Fig.  3  Measured 
at  77K,  indicating 
impurity  scattering 
deterministic. 


3.  Temperature  dependence  of  below  100K 


The  Hooge  noise  parameter  is  also  written  in  the  form: 
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The  numerical  analysis  of  the  quantum  fluctuation  model  makes  clear  of  the  relation 
between  and  scattering  mechanisms.  Figure  4  shows  the  1st,  2nd  terms  and  their 
sum  in  eq.  (2)  as  a  function  of  the  temperature.  With  the  electron  concentration  of 
1x10^^  m'^in  n-GaAs,  was  1.0x10'®  and  otj^p  was  7.lxio‘®  at  300K,  and  the  1st 
term  is  7x10^  times  larger  than  the  2nd  term  at  300K.  The  2nd  term  Increases  with 
decreasing  the  temperature,  and  becomes  comparable  to  the  1st  term  at  100K.  The  2nd 
term,  the  Hooge  parameter  due  to  the  impurity  scattering,  becomes  larger  than  the  1st 
term  at  the  higher  temperature  when  the  electron  concentration  becomes  larger. 

The  mobility  is  determined  by  the  impurity  scattering  below  100K,  and  1 

and  figuni^iJLlatt^  <  1.  In  this  temperature  range  we  are  able  to  assume  the  relation 


Fig.  4  Temperature 
dependence  of 

temperature. 


Fig.  5  otj_j  of  FIB- 
GaAs.  Solid  line: 
quantum  1/f  model, 
plots:  experiments 


M.  Tacano  13 


The  spectrum  densities  of  a  FIB  filament  of  n-GaAs  also  show  fairly  pure  characteris¬ 
tics.  The  noise  parameter  was  calculated  from  =  S^fN/V^  on  each  temperature, 
and  plotted  In  Fig.  5.  The  solid  line  in  Fig,  5  was  obtained  from  the  quantum  1/f  noise 
model.  The  parameters  in  the  numerical  analysis  were  determined  so  that  the  mobility 
and  the  carrier  concentration  were  equal  to  those  obtained  from  the  measurements. 

The  experimental  values  and  their  temperature  dependence  of  in  Fig.  5  agree 
quantitatively  with  the  theoretical  estimation.  The  absolute  values  of  scatter  within 
one  order  from  sample  to  sample.  The  Impurity  scattering  was  dominant  with  our  quar¬ 
ter-micron  samples  below  lOOK,  and  we  are  able  to  obtain  a  ■  in  this  temperature 
range. 


4.  of  GaAs  determined  by  Cross  Correlational  Quantum  1/f  Model 

The  cross  correlation  model  expects  always  larger  than  the  KVBH  model.  From 
experimental  point  of  view  we  need  the  absolute  values  and  their  functional  depend¬ 
ence.  The  for  the  bulk  n-GaAs  was  analysed  numerically  based  on  the  CHX^^) 
model  and  compared  with  that  obtained  from  the  KVBH^®^  model.  The  finite  compensa¬ 
tion  ratio,  which  must  be  considered  in  the  actual  lll-V  compound  semiconductors,  was 
assumed  in  the  analysis. Figure  6  shows  the  cross  correlational  at  the  donor 
concentration  of  n  =  2.4x10^^  m  ^  at  80K  and  the  compensation  ratio  of  c  =  0.04.  The 
corresponding  electron  mobility  is  also  plotted  in  Fig.  6.  The  carrier  concentra¬ 
tion  and  the  electron  mobility  correspond  to  those  used  in  the  experiments,  then 
must  be  compared  with  those  obtained  in  experiments.  The  Hooge  parameter  aj_j 
expected  by  the  KVBH  model(c=0)  is  shown  for  comparison. 


Fig.  6  06|^  determined 
by  Cross  correlation 
and  KVBH  model, 
together  with 
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It  must  be  noticed  that  the  cross  correlational  has  the  similar  dependence  on  tem¬ 
perature  as  that  expected  by  the  KVBH  model(C)^O).  The  cross  correlational  otj^  of  n- 
GaAs  has  the  following  characteristics. 

1)  of  the  doped  sample  is  almost  independent  of  the  compensation  ratio 
throughout  the  temperature  between  300  and  30K,  while  it  increased  considerably 
at  300K  by  KVBH  model. 

2)  The  is  about  twice  of  that  expected  from  the  KVBH  model  throughout  the 
temperature  range. 

3)  The  decreases  with  the  increasing  ionized  impurity  concentration  at  80K, 
while  it  does  not  change  at  300K. 


Conclusion 

The  Hooge  parameter  a,|^  will  be  determined  by  a.jj^p  when  the  impurity  scattering  is 
the  dominant  scattering  mechanism  in  a  semiconductor.  The  electric  field  dependence 
of  in  n-GaAs  at  77K  might  prove  this.  The  temperature  dependence  of  below 
100K  was  further  interpreted  in  terms  of  the  impurity  scattering.  Some  numerical  analy¬ 
ses  on  the  cross  correlational  were  added. 

The  Hooge  parameter  will  be  termed  now  as  a  new  fundamental  transport  parameter 
in  semiconductors. 
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ABSTRACT 

Noise  measurement  have  been  considered  as  a  promising  tool  for 
reliability  testing  in  the  electronic  industry.  This  paper  discusses  the 
characteristics  of  noise  sources  in  Al-based  thin  films  and  their  relationships  to 
the  reliability  of  VLSI  interconnections.  A  technique  of  applying  noise 
measurements  in  detecting  existing  defects/damage  in  the  films,  determining 
electromigration  parameters  and  predicting  the  time  of  failure  of  VLSI 
interconnects  is  presented.  This  new  technique  is  fast  enough  for  wafer-level 
reliability  testing  and  is  nondestructive  in  nature.  The  problems  associated  with 
implementing  wafer-level  noise  measurements  for  reliability  testing  were  also 
discussed. 


I.  INTRODUCTION 

Thin  Al-based  films  have  been  widely  used  for  interconnection  in 
semiconductor  VLSI  circuits.  Advancement  of  VLSI  technology  has  resulted  in 
continuous  down  scaling  of  device  and  interconnection  dimensions  in  the  chips. 
The  minimum  feature  size  used  in  the  manufacturing  of  ICs  has  been  reduced 
from  25  microns  in  1960  to  a  fraction  of  micron  today.  This  dramatic  rate  of  size 
reduction  creates  problems  associated  with  circuit  reliability.  Two  of  the  most 
important  reliability  problems  associated  with  high  density  small  size  circuits  are 
electromigration  failure  and  stress  induced  void  failure  of  metallic 
interconnections  in  VLSI  circuits.  Characterization  and  prediction  of 
electromigration  and  stress  induced  voids  in  VLSI  circuits  therefore  become 
increasingly  important  for  a  newly  developed  circuit.  The  semiconductor  industry 
urgently  needs  a  testing  method  which  can  be  used  for  wafer-level  testing  for 
quick  adjustment  of  the  VLSI  interconnection  processing  parameters. 

Our  research  group  at  University  of  South  Florida,  has  been  studying  the 
relationship  between  electrical  noise  and  reliability  of  Al-based  thin  films  for 
several  years.  The  studies  have  shown  that  noise  measurements  can  be  used  as 
a  sensitive  method  for  testing  reliability  as  well  as  determining  electromigration 
parameters  of  thin  film  interconnections.  Since  noise  measurements  require  much 
less  time  than  conventional  MTF  (Median  Time  to  Failure)  measurement,  and 
is  non-destructive  in  nature,  it  can  be  used  for  wafer-level  reliability  testing.  This 
paper  will  present  some  important  relationships  between  electrical  noise  and 
reliability  for  A£ -based  thin  films  and  techniques  for  implementing  wafer-level 
noise  measurements  for  reliability  testing. 
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11.  ELECTRICAL  NOISE  COMPONENTS  AND  RELIABILITY  OF  AL- 
BASED  THIN  FILMS 


Our  measurements  have  shown  that  the  electrical  noise  in  Al-based  thin 
films  consists  of  a  1//  noise  component,  a  component  with  a  1//  ^  frequency 
dependance  and  a  >  2  (to  be  called  1//^  noise  component  hereafter)  and  the 
thermal  noise  component.  Each  of  these  three  noise  components  has  quantifiable 
relationships  to  defects/the  electromigration  process  of  the  films.  Our 
experimental  results  have  shown  that  measurements  of  the  thermal  noise  can  be 
used  for  detection  of  hot  spots/void  formation  in  Al-films  [1]  and  the  magnitude 
of  1//  noise  is  closely  related  to  the  d.  c.  current  distribution  in  the  film.  Stress 
induced  voids,  cracking,  mechanical  or  electromigration  damage  will  cause  current 
crowding  in  the  films  and  thereby  increase  the  1//  noise.  We  have  previously 
reported  [2]  that  the  magnitude  of  1// noise  in  a  thin  film  interconnection  is 
extremely  sensitive  to  electromigration  damage.  A  few  percentage  change  in  the 
resistance  of  the  film  due  to  electromigration  damage  is,  in  some  case, 
accompanied  by  as  much  as  1000%  increase  in  the  films  observed  1// noise.  A 
film  with  stress  induced  voids  or  physical  damage  caused  by  scratches  or  improper 
wire  bonding  often  generates  a  higher  1//  noise  than  a  normal  film.  These 
defective  films  usually  fail  early  in  the  accelerated  lifetime  test.  Measurement  of 
1// noise  can  therefore  be  used  to  detect  early  failure  or  existing  defects/damage 
in  the  film. 


For  all  the  A£ -based  films  measured,  we  have  observed  1// noise  spectra 
at  low  frequencies  when  the  film  temperature  is  low  and/  or  the  biasing  current 
is  small.  As  the  film  temperature  and/or  the  biasing  current  is  increased  to  a 
level  commonly  used  for  accelerated  electromigration  testing,  the  low  frequency 
noise  spectra  change  from  l//to  l//“  frequency  dependance.  The  magnitude  of 
l//“  noise  has  been  found  to  be  closely  related  to  the  electromigration  rate  of 
the  films.  We  have  found  experimentally  that  the  voltage  spectral  intensity  of  the 
1//  ^  noise  follows  the  relation. 


SvW  =  ^exp| 

Tf  ' 


(1) 


where  j  is  the  biasing  current  density.  T  is  the  absolute  film  temperature,  A  is  a 
constant  and  Ea  is  an  activation  energy  which  has  been  shown  to  have  values 
close  to  those  determined  from  MTF  testing  [3,5].  The  median  time  to  failure 
(MTF)  of  a  film  interconnection  subject  to  electromigration  is  often  described 
empirically  by  the  following  formula  developed  by  Black  [6] 


MTF=  Tj  “"exp 


Ea 

It 


(2) 


where  t5o  is  the  time  to  50%  failure  of  a  group  of  samples  made  under  identical 
conditions.  Kj  is  a  constant  of  proportionality  and  n  is  a  constant  having  a  value 
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between  1  and  3.  Since  the  MTF  is  a  statistical  result  obtained  from  a  large 
number  of  samples,  one  can  reasonably  assume  that  the  time  to  failure,  TTF,  of 
a  sample  is  proportional  to  MTF  so  that 


[777^-1  =  :^exp 


(3) 


where  K  is  a  constant.  [TTF]'^  can  be  considered  to  be  proportional  to  the 
average  rate  of  electromigration  damage.  Equation  (1)  and  (3)  show  that  the 
magnitude  of  1//^  noise  spectrum,  S^(/),  and  the  rate  of  electromigration  damage, 
(TTF)‘\  have  a  similar  dependence  on  T  and  j.  This  suggests  that  there  is  a  close 
relationship  between  1//^  noise  and  TTF.  By  combining  equations  (1)  _ 

and  (3),  one  can  relate  the  TTF  to  the  mean  square  of  1//  noise  voltage,  v^  by 

log(7770=^+^  log 


where  a  and  b  are  constants  depending  on  the  measurement  conditions  (T  and 
j  values)  of  TTF  and  (/).  To  experimentally  confirm  this  relationship  between 
the  TTF  and  two  sets  of  films  were  fabricated  by  sputtering  pure  aluminum 
(99.99%)  onto  Si02  substrates  of  lOOOOA  thickness  at  two  different  substrate 
temperatures,  125°  C  and  250°  C.  These  two  sets  of  films  will  be  called  L-type 
and  H-type  corresponding  to  the  deposition  temperatures  of  125°  C  and  250°  C 
respectively.  Our  measurements  and  analysis  showed  that  the  two  group  of  films 
had  different  TCR  and  different  grain  sizes  and  distribution,  thereby  providing 
an  intentional  variation  in  their  expected  lifetime. 

1//^  Noise  measurements  were  performed  at  a  current  density  j  =  1.9  x 
10^  A/cm^  and  a  film  temperature  T  =  505k.  The  magnitude  of  the  spectrum  for 
the  films  varied  several  orders  of  magnitude  at  1  Hz.  Following  the  noise 
measurements,  the  films  were  stressed  to  failure  using  a  constant  current 
accelerated  electromigration  test.  The  test  current  density  and  film  temperature 
were  j  =  1.25  x  10^  A/cm^  and  T  =  426k  respectively.  The  results  of  this 
experiment  were  pitted  in  Figure  1  which  shows  a  linear  relationship  between 
log  (TTF)  and  log  v^  in  agreement  with  equation  (4).  Therefore,  one  can  predict 
TTF  from  the  1//^  noise  measurements. 


Fig.  1  Film  time  to 
failure  versus  mean 
square  1//  noise  voltage 


1--17  IE-16  tE-t5  lE-14  le-n  IE-12 

Mean  Square  Noise  Voltage  (V^) 


20  Reliability  of  Al-Based  Thin  Films 


III.  DETERMINATION  OF  ACTIVITIES  ENERGY  FROM  NOISE 
MEASUREMENTS 

In  the  electronic  industry,  the  activation  energy,  Ea,  in  equation  (2) 
(Blacks’s  equation)  is  often  determined  from  the  MTF  measurement.  In  this 
measurement,  a  large  number  of  identically  prepared  thin  film  interconnects  are 
tested  at  elevated  temperature  and  current  density  until  failure.  Due  to  the 
statistical  nature  of  electromigration,  a  range  of  failure  times  occur  at  a  given 
temperature  and  current  density.  Typically  I50  is  measured  at  a  constant  current 
density  at  several  different  temperatures  from  which  Ea  is  determined.  This  is  a 
tedious,  expensive  measurement  and  destroys  all  of  the  samples. 

The  magnitudes  of  both  1// noise  and  1//^  noise  components  in  Al-based 
films  are  temperature  dependent  and  this  temperature  dependency  can  be  used 
to  determine  the  activation  energies  associated  with  each  noise  generation 
process.  Our  experimented  results  [3]  as  well  as  other  published  results  [4,5]  have 
shown  that  the  activation  of  Al-based  films  determined  from  noise  measurements 
have  values  close  to  electromigration  energies  obtained  from  the  conventional 
MTF  measurements.  However,  unlike  MTF  measurement,  noise  measurements 
can  be  used  to  determine  Ea  from  individual  sample.  The  noise  measurement  is 
much  faster  than  the  MTF  measurement  and  is  non-destructive  in  nature. 

The  1//  noise  in  A£ -based  films  is  associated  with  thermally  activated 
atomic  motion  at  the  grain  boundary.  Therefore,,  the  activation  energy,  Ea, 
associated  with  the  1// noise  can  be  determined  by  measuring  the  normalized 
noise  spectral  density  (noise  spectral  density  divided  by  the  square  of  the  bias 
voltage)  as  a  function  of  the  film  temperature.  Dutta  and  Horn  has  shown  that 

[7] 

-Ea  =  (5) 

where  Tp  is  the  temperature  at  which  the  normalized  1// noise  spectral  intensity, 
at  angular  frequency  27rf,  shows  a  peak  and  To  is  the  attempt  time  for  the  thermal 
activated  process  of  atoms.  Our  measurement  of  Ea  using  this  method  [3]  showed 
a  close  agreement  with  the  values  obtained  from  conventional  MTF 
measurements. 

To  determine  the  activation  energy  associated  with  the  1//^  noise,  one  has 
to  recall  that  the  generation  of  1//  ^  noise  spectrum  can  be  attributed  to  the 
following  two  different  sources;  (1)  the  rate  fluctuation  of  vacancy  diffusion 
around  the  grain  boundaries  and  (2)  a  linear  drift  of  the  film  resistance  during 
noise  measurement.  However,  our  measurement  system  used  a  large  condenser 
and  a  low  frequency  transformer  at  the  input  of  the  preamplifier  to  couple  the 
film  noise.  These  large  inductance  and  capacitance  components  attenuate  the  1/f 
spectrum  due  to  a  linear  drift  by  more  than  70  dB  in  our  measurement  circuit. 
Details  of  this  effect  will  be  explained  in  the  other  paper  to  be  presented  in  this 
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conference  [8].  This  large  attention  of  the  linear  resistance  drift  effect  has 
eliminated  the  linear  drift  as  the  possible  same  of  1//^  noise  spectra  observed  in 
our  experiment.  From  equation  (1),  one  can  see  that  Ea  can  be  determined  from 
the  slope  of  Arrhenius  plots  of  T  (f)  versus  (T)'\  The  experimental  results  will 
be  presented  in  the  conference. 

IV.  WAFER  LEVEL  RELIABILITY  TESTING 

Our  research  findings  have  clearly  shown  that  noise  measurements  can  be 
used  as  a  new  technique  for  wafer-level  reliability  testing.  However,  since 
electrical  noise  levels  to  be  detected  in  the  reliability  tests  of  metallic 
interconnections  are  low,  accurate  noise  measurements  in  the  production 
environment  require  special  considerations.  The  problems  to  be  considered 
include  the  design  of  low  noise  contact  probes  to  the  test  structure  and  technique 
for  reducing  or  avoiding  vibration  and  interference  of  other  wafer-level  tests  on 
the  noise  measurements.  In  addition,  since  each  noise  component  (thermal  noise, 
1//  noise  or  Xjf  noise)  plays  a  different  role  in  the  reliability  analysis, 
determination  or  separation  of  the  magnitude  of  each  noise  component  in  the 
resultant  sample  noise  measurement  data  is  often  necessary  in  this  study.  The 
solutions  of  these  problems  are  discussed  below. 

Reduction  of  Probe  Contact  Noise:  In  wafer-level  testing,  contact  probes 
are  used  to  make  electrical  connections  between  the  test  sample  and  the 
measurement  system.  Since  these  connections  are  mechanical  contacts,  contact 
noise  is  generated  at  each  current-carrying  contact.  If  the  magnitude  of  the 
contact  noise  is  not  negligible  compared  to  the  sample  current  noise  to  be 
measured,  the  sample  noise  cannot  be  accurately  determined.  Therefore,  in  order 
to  successfully  apply  the  noise  measurement  techniques  to  wafer-level  testing,  it 
is  necessary  to  design  low-noise  contact  probes  and  to  develop  techniques  for 
reducing  the  effect  of  probe  contact  noise  on  the  film  noise  measurements  [9]. 

Separation  of  1// Noise  and  1//  Noise  component:  Current  noise  spectra 
can  often  be  measured  by  using  the  conventional  noise  measurement  system. 
When  the  film  is  at  room  temperature  and  the  biasing  current  density  is  less  than 
10^  ^/cm^j  the  low  frequency  noise  is  dominated  by  the  1//  noise  component. 
However,  in  many  cases,  this  1//  noise  is  very  low  and  could  be  masked  by  the 
preamplifier  or  system  noise.  To  increase  the  1// noise  level,  one  can  increase  the 
biasing  current  since  the  1//  noise  level  is  proportional  to  the  square  of  the 
biasing  current.  But  the  increase  of  the  biasing  current  could  be  complicated  by 
generation  of  Xjf  noise  in  the  film.  The  coexistence  of  1// noise  and  1//  noise 
will  make  the  determination  of  the  magnitude  of  the  1//  noise  component 
difficult.  This  difficulty  can  be  alleviated  by  using  the  a.c.  bridge  noise 
measurement  system  [10,11]  shown  in  Figure  2  for  1// noise  measurement.  This 
bridge  system  is  much  more  sensitive  than  the  conventional  system  and  can  be 
used  to  accurately  measure  the  1// noise  component  at  a  low  biasing  current  and 
temperature  under  which  Xjf  noise  generation  is  negligible.  To  measure  the  Xjf 
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noise  the  wafer  needs  to  be  heated  to  an  elevated  temperature  and  the  biasing 
current  also  has  to  be  increased  to  the  level  at  which  the  Xjf  noise  component 
dominates  the  1// noise  component.  When  the  film  temperature  and/or  biasing 
current  is  increased  to  a  level  commonly  used  for  accelerated  electromigration 
testing,  1//  levels  are  usually  high  enough  that  the  conventional  system  can  be 
successfully  used  for  detection.  However,  the  noise  or  harmonic  pick  up 
associated  with  heating  source  and  the  air  circulation  around  the  probes  have  to 
be  carefully  reduced/controlled  for  accurate  measurements. 


Fig.  2  Block  diagram  of  a.c.  bridge  noise  measurement  system 
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ABSTRACT 

The  equilibrium  current  fluctuations  (thermal  noise'^  for  2D  degenerate  elec¬ 
tron  gas  bounded  in  a  narrow  channel  have  been  calculated  within  the  semiclas- 
sical  Boltzmann-equation  approstch.  The  associated  noise  spectrum  has  a  non- 
Lorentzian  shape  with  geometrical  resonances  at  high  frequences  caused  by  the 
restriction  on  electron  motion  in  the  transverse  direction  (dassica]  size-effect). 
Measurements  of  the  size-dependent  noise  spectrum  would  give  an  additional  in¬ 
formation  about  the  edge  scattering  of  electrons. 

INTRODUCTION 

The  noise  properties  of  electron  gas  in  small-size  conductors  have  attracted 
considerable  interest  during  last  years. The  transition  from  diffusive  to  baOi&Uc 
transport  was  found  to  be  accompanied  with  new  interesting  phenomena:  (i)  the 
suppression  of  shot  noise, (ii)  the  noise  redistribution  toward  higher  frequen¬ 
cies  (’’blue-shifP^),  depending  on  the  geometrical  size  of  the  sample, (iii)  the 
geometrical  resonances  in  the  spectrum,^  and  so  on. 

In  this  communication  the  Johnson-Nyquist  noise  characteristics  for  a  two- 
dimensional  (2D)  electron  gas  bounded  in  a  narrow  channel  are  presented.  Within 
the  semidassical  approach  the  autocorrelation  function  of  the  current  fluctuations 
is  calculated  both  analytically  and  by  use  of  the  Monte  Carlo  technique.  The  spa¬ 
tial  correlation  of  the  fluctuations  is  taken  into  account,  which  is  essential  in  the 
small'-size  conductors.^ 

CORRELATION  FUNCTION  FOR  2D  ELECTRON  GAS 

Consider  2D  dectron  gas  in  the  xy-]^ane  laterally  restricted  by  the  diffusely 
reflected  boundaries  at  y  ^  0  and  y  ~  d.  The  channel  width  d  is  assumed  to  be 
much  wider  than  the  Fermi  wavelength.  The  electrons  are  scattered  both  in  the 
bulk  and  at  the  boundaries.  The  length  L  in  the  2-direction  is  much  greater  than 
the  electron  mean  free  path  \  and  terminated  by  contacts  for  measurement  of  the 
equilibrium  current  fluctuations.  Thus,  the  dectron  transport  is  characterized  by 
the  parameter  7  =  A/d,  which  is  the  ^degree  of  ballistic  transport Varying 
7  from  7<lto7>lweare  going  from  entirely  bulk  scattering  (diffusive 
regime)  to  entirdy  boundary  scattering  of  dectrons  (ballistic  or  Knudsen  regime 
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of  election  transport).® 

The  instantaneous  short-circuit  current  I(t)  through  the  sample  of  length  L 
can  be  expressed  as  a  sum  of  the  instant  velocities  of  all  carriers  presented  at  the 
time  t  in  the  sample  ^ 

=  f  ^  =  f  /  (2^)2 

Here  e  is  the  electron  charge,  f  =  (s,  y)  is  the  radius-vector,  Jc  =  {k^y  ky)  is  the 
wave-vector,  u,  =  hk^/m  is  the  electron  velocity  component  and  m  is  the  effective 
mass.  The  integration  over  f  is  taken  over  the  channel  area  L  X  d,  /(f,  «,t) 
represents  the  electron  distribution  function  (occupation  numbers). 

Hence,  the  current  autocorrelation  function  can  be  expressed  through  the  fluc¬ 
tuations  in  the  occupation  numbers  by 

Ciit)  =  I  d? I  d?'  jdJSjdn'  <5/(r’  t)  %\  0)>  (2) 

where  ^/(r,  ?,t)  =  /(f,  £,t)  -  /o(J)  ,  /o(^)  is  the  Fermi-Dirac  distribution  func¬ 
tion.  In  equation  (2)  the  angle  brackets  indicate  averaging  over  the  initial  time 
moment  t  =  0  (for  fixed  value  of  t). 

The  correlation  function  {5/(r,  ^,t)  5/(r',  0))  satisfies  for  t  >  0  the  Boltz¬ 

mann  kinetic  equation  in  the  first  set  of  variables.^’^  By  neglecting  interaction 
between  electrons  the  solution  for  the  Boltzmann  equation  in  the  relaxation-time 
approxiTnation  takes  the  form 

0)>  =  2ir’e-*/"5(f  -  f"  -  1%)  S{%  -  %')  fo{t)  [1  -  /o(jf)],  (3) 

where  r  =  and  the  factor  (l^/o)  is  included  due  to  the  Fermi  statistics  under 
view.  We  consider  the  case  of  fully  diffuse  electron  scattering  at  the  boundaries 
destroying  any  correlation  between  incident  and  reflected  electrons.  The  function 
5(r  -  “  tit)  represents  the  spatial  correlation  of  the  fluctuations.  Thus,  Ci{t) 

becomes 

rt  2  J  fmdiJii  i*oo  x 

For  the  complete  degenerate  case,  where  /o(l  —  /o)  =  ksT  -  S{€  —  cjr),  the 
current  autocorrelation  function  (4)  can  be  evaluated  analytically 

Ci{t)  =  ksT  /(«),  where  tt  =  —  =  ^ 

ml  T  d 

f(  \  —  /  ^  0  <  li  <  1 

^  W  -  I  Ifarcsin  4-  i(l  -  u-^)^/2(2ti  +  u-^)  -  fu],  u  >  1 


(S) 
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n2  =  kjp/27c  is  2D  electroii  concentration,  ks  is  the  Boltzmann  constant,  T  is  the 
temperature,  €p  and  ky  is  the  Fermi  energy  and  momentum.  The  parameter  u  is 
the  time  in  units  of  the  transit  time  of  electrons  between  the  boundaries. 

The  random  motion  of  a  single  electron  with  a  Fermi  velocity  was  simulated 
in  the  2D  channel  on  the  base  of  the  Monte  Carlo  algorithm.^  The  obtain^  veloc¬ 
ity  autocorrelation  function  Cy{t\  normalized  to  coincides  nicely  with  Ci{t) 
calculated  from  (5)  and  normalized  to  the  bulk  value.  Hence,  the  Monte  Carlo 
technique  can  be  fruitfully  applied  to  obtain  the  thermal  noise  characteristics  for 
degenerate  case.  But  in  order  to  get  Oi(t)  from  estimated  by  the  MO 

method  for  a  angle  electron  with  the  Fermi  velocity,  one  must  multiply  the  result 
by  the  factor  ksT/ep  (in  addition  to  the  dimension  term  ne^d/L)^  which  is  the 
fraction  of  electrons  near  the  Fermi  surface,  taking  part  in  the  fluctuations. 

SIZE  DEPENDENT  NOISE  SPECTRUM 

The  noise  spectral  density  5j(w)  was  calculated  as  a  Fourier  transform  of  the 
autocorrelation  function  Ci(t)  (see  Figure).  When  7  — ♦  0,  u  — ►  0,  and  /(u)  — ♦  1, 
we  have  the  ordinary  Johnson-Nyquist  noise  with  the  Lorentzian  spectrum.  With 
increasing  7  the  low-frequency  noise  is  suppressed  with  a  redistribution  toward 
higher  frequencies  and  a  remarkable  deviation  from  the  Lorentzian  shape.  One 
can  also  observe  the  oscillations  at  frequencies  correspondent  to  the  time  of  flight 
between  the  boundaries  d/vp  (see  Inset).  The  origin  of  the  oscillations  is  caused  by 
the  restriction  on  the  electron  motion  in  the  y-direction  (the  classical  size-effect), 
and  th^  nature  is  sunilai  to  those  in  Ref.  4,  where  size— effect  occurs  between  the 
contacts. 

Due  to  the  Nyquist  theorem  the  formula  for  the  conductivity  or  the  diffusion 
constant  for  the  bounded  electron  gas  *  is  easily  obtained  by  integrating  Ci{t) 
given  by  (5)  over  the  time  t.  It  should  be  noted  that  the  frequency-dependent 
can  be  obtained  from  (5)  by  the  same  manner. 

CONCLUSIONS 

The  autocorrelation  function  for  the  thermal  (Johnson-Nyquist)  noise  and 
the  corresponent  noise  spectrum  have  been  calculated  for  2D  degenerate  electron 
gas  in  a  narrow  channel  with  diffusely  reflected  boundaries.  By  diminishing  the 
channel  width  the  noise  is  redistributed  toward  higher  frequencies  with  a  suppres¬ 
sion  of  its  low-frequency  magnitude.  The  noise  spectrum  has  a  non-Lorentzian 
shape  with  geometrical  resonances  at  high  frequences.  The  Monte  Carlo  approach 
discussed  in  the  present  and  the  previous  papers  ^  may  be  usefully  applied  for  cal¬ 
culating  both  the  conductivity  and  the  thermal  noise  for  the  electron  gas  in  the 
region  with  more  com^dicated  and  partially  reflected  boundaries. 

The  work  is  supported  by  the  Grant  from  the  Ukrainian  Council  on  Progress 
in  Science  and  Engineering. 
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Figure.  Spectral  density  of  current  fluctuations  in  the  degenerate  limit  for  dif¬ 
ferent  7  (solid  lines)  with  the  correspondent  Lorentzian  curves  (dashed  lines).  The 
normalization  constant  is  Sjq  =  4kBT(n2e^Tlm)(d/L).  Inset;  5j(w)  normalized 
to  the  correspondent  Lorentzians, 
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ABSTRACT 

High  frequency  noise  measurements  in  AIq  25Gao75As  material  for  hot  electron 
transport,  are  reported.  The  longitudinal  diffusion  coefficient  D(E)  is  derived  from 
white  noise  measurements  The  results  are  compared  with  the  values  obtained  in  GaAs. 

LINTRODUCTION 

The  purpose  of  the  present  paper  is  to  investigate  the  bulk  Si  doped 
AIq  25Gao  75AS  H.F.  noise.The  interest  of  such  a  study  is  two-fold.  From  the  point  of 
view  of  physics  transport,  it  was  noted ^  that  in  GaAs  the  dependence  of  the  noise 
temperature  T^CE)  with  the  electric  field  could  be  a  sensitive  indicator  for  electron 
transition  from  the  F  band  to  the  upper  bands.  This  mean  of  investigation  is  usable  in 
order  to  analyze  the  influence  of  the  A1  content  x  on  the  scattering  mechanism 
controlling  hot  electron  transport  in  Al^Gaj.xAs.  From  the  point  of  view  of  Modfet's 
devices,  the  evaluation  of  diffiision  coefficient  D(E)  is  necessary  to  simulate  the  HF 
noise  when  parasitic  conduction  takes  place  in  the  AlGaAs  layer. 

II-  DESCRIPTION  OF  THE  DEVICE  STRUCTURES 

1-  The  planar  devices  used  in  the  experiments  had  the  following  structure  ; 
a  GaAs  buffer  layer  was  grown  on  an  GaAs  -SI  substrate  followed  by  an  undoped 
AlGaAs  graded  in  composition  to  prevent  any  modulation-doping  effects.  Then  a  Si- 
doped  Al^Gaj.xAs  (x=0.25)  1pm  thick  layer  was  grown.  Growth  is  finished  with  a  n+ 
GaAs  cap  layer  on  which  AuGe-Ni  ohmic  contacts  were  processed.  The  epitaxial 
layers  were  grown  by  MBE.  The  device  structure  is  sketched  on  Fig.  1 . 
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Fig.  1 .  Cross-sectional  view 
of  AlGaAs  structure. 


2-  The  contact  resistance 
associated  with  the  ohmic  contact  to  the 
active  region  was  determined  by  the 
conventional  transmission  line  model 
(TLM).  Four  different  sample  lenghts  were 
available:  L=5,  10,  20,  50pm.  The  extracted 
2Ro  value  was  lOH. 


Ill-  EXPERIMENTAL  RESULTS 

Noise  measurements  were  performed  as  a  function  of  the  electric  field  strength 
at  the  following  frequencies  ;  50,  220,  320,  460,  650,  850  MHz  and  4GHz.The  bias 
voltage  was  applied  in  short  pulses  of  width  Ips  with  a  repetition  rate  of  70Hz  in 


order  to  avoid  lattice  heating  effect. 


0  J  2  G  4  5 

V(V) 

Fig.2.I-V  Characteristics  for  various 
sample  lenghts. 


Nonohmic  regime  of  the  I-V 
characteristics  can  be  observed  at  high 
fields  in  Fig.  2  The  excess  noise 
temperature  measurements  are  displayed 
in  Fig. 3  as  a  function  of  frequency.  In  the 
white  noise  region  f>850  MHz,  the 
longitudinal  diffusion  coefficient  D(E)  is 
evaluated  from  the  generalized  Einstein 
relation: 


D(E)  =  [kT„(E)/q]Re{n'} 


(1) 


•  Es3.0KV/cm 
X  E  =  2,CSKV/^;jii 
E=1.0KV/cjii 
□  E-JKV/cjn 


Fig. 

3,  Excess  noise  temperature 
vs.  frequency. 


Fig.  4.  Dependence  of  D(E)  on 
electric  field. 
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where  fi'(E)=dv/dE  is  the  differential  mobility.  Assuming  the  differential  impedance  to 
be  real  up  to  these  frequencies,  from  (1)  we  get: 

D(E)/D,=Ro(dI/dV)(T^(E)/To)  (2) 

where  is  the  ohmic  resistance  ,  Tq  the  lattice  temperature  and  dl/dV  the  differential 
conductance  corresponding  to  the  average  field  E=VfL.  The  results  are  plotted  in 
Fig.4. 


IV-DISCUSSIONS 


1/  AlGaAs  results 

The  analysis  of  D(E)  with  E  together  with  the  observed  behaviour  of  Tn(E) 
and  I(V)  shows  a  linear-response  region  for  E<  400V/cm,  followed  by  a  region  where 
the  noise  temperature  Tn(E)  increases  and  the  differential  mobility  )a'(E)  decreases 
with  E.  The  coefficient  D(E)  proportional  to  the  product  Tn(E)p'(E)  remains  almost 
constant.  Above  3000V/cm,  the  drift  velocity  deviates  strongly  from  linearity  and  the 
diffusion  coefficient  decreases  rapidly. 


2/  Comparison  of  GaAs  and  Alo.25Gao.75As  diffusion  coefficients 


The  excess  noise  temperature 
measurements  as  a  function  of  E  for 
GaAs  and  AlGaAs  are  reported  and 
compared  in  Fig. 5,  at  a  frequency  of 
4GHz.  The  noise  temperatures  for  both 
materials  may  be  approximated  by  a  same 
empirical  formulas  as; 


Fig.  5  Dependence  of  the  normalized 
temperature  vs.  Electric  field  at  4  GHz. 


T„  =  To(l+a(E/Eo)«i  ) 


(3) 


At  the  same  field,  noise  temperatures  in  GaAs  are  higher  than  in  AlGaAs. 
Two  piece-wise  linear  segments  are  needed  to  fit  the  GaAs  data  in  the  whole  electric 
field  range.  The  behaviour  of  the  noise  temperature  with  electric  field  strength  can  be 
divided  into  three  ranges.  At  fields  lower  than  E<400V/cm  Tn(E)  is  equal  to  the  lattice 
temperature  Tq.  Between  400<  E  <2500V/cm  ,  both  temperatures  increase  nearly  at 
the  same  rate  with  E.  In  this  field  range  intravalley  velocity  fluctuations^  dominate  the 
main  noise  source  in  GaAs.  In  AlGaAs  electron  heating  by  the  field  is  substantially 
weaker^  probably  due  to  a  lower  mobility.  The  mean  electron  energy  <s>  or 
equivalent  electron  temperature  Tq  that  we  define  as  3/2kTg=  <8>-  l/2m*v^,  should 
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be  lower  than  in  the  GaAs^.  This  is  also  observed  with  the  measured  noise 
temperatures  Tj^(E)  . 

Above  the  threshold  field  E>2500V/cm,  GaAs  noise  temperatures  increase 
very  fast  with  E  probably  due  to  intervalley  transfers  as  is  conjectured  in  ref  5.  This 
feature  is  not  observed  in  AlGaAs. 


In  Fig. 6  the  diffusion  coefficient 
measurements^  of  GaAs  are  reported 
together  with  those  made  in  AlGaAs.  It 
is  worth  noting  that  the  initial  increase  of 
D(E)  followed  by  a  maximum  value  at 
the  threshold  field  observed  in  GaAs 
material  completly  disappeared  in  the 
alloy  AlGaAs. 


Fig. 6.  Dependence  of  normalized  D(E) 
on  Electric  field  for  GaAs  and  AlGaAs. 

V-  CONCLUSIONS 

The  conclusions  can  be  summarized  as  follows: 

1-  Noise  is  frequency  dependent  for  f<850Mhz  in  AlGaAs^. 

2-  In  the  white  noise  region,  the  noise  temperatures  in  AlGaAs  are  lower  than  in  GaAs 
grown  with  the  same  doping  and  at  the  same  electric  field. 

3 - In  the  electric  field  range  0<E<3000V/cm  where  intravalley  collisions  dominate  the 
diffusion  coefficient  remains  nearly  constant  in  AlGaAs. 

4-  The  steep  increase  of  Tj^(E)  due  to  intervalley  transfers  above  the  threshold  electric 
field  E^j^-2500  V/cm  present  in  GaAs  is  not  observed  in  AlGaAs  where  the  barrier 
height  AEp  l  controlling  intervalley  transfers  is  substantially  reduced. 
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ABSTRACT 

Low  frequency  noise  measurements  have  been  performed  in  AIq  25Gao  75AS 
test  structures  at  300K.  The  excess  noise  spectra  show  two  Lorentzian  shaped  g-r 
contribution  and  1/f  noise.  The  results  are  analysed  as  a  function  of  the  sample  length 
in  order  to  distinguish  between  bulk  and  interface  noise  contributions. 

I-INTRODUCTION 

The  low  frequency  noise  properties  have  been  studied  by  several  authors  in 
AlGaAs  bulk  materiaF,  AlGaAs/GaAs  Modfet's  and  AlGaAs/GaAs  heterojunction 
bipolar  transistors  The  noise  spectra  show  generally  several  generation- 
recombinaison  (g-r)  noise  components  and  1/f  noise.  Most  of  these  studies  assign  the 
physical  origin  of  the  g-r  noise  source  to  trapping  and  detrapping  carriers  at  the  DX 
centers  present  in  AlGaAs  althougth  the  magnitude  of  the  deduced  activation  energies 
Ej  show  large  scattering. 

The  aim  of  this  contribution  is  to  investigate  conductance  fluctuations  in  n  type 
AIq  25^30  75AS,  and  to  distinguish  between  contact  and  bulk  contributions  by  using 
different  geometries  in  which  the  bulk  and  interface  contribution  scale  differently. 

n-  EXPERIMENTAL  PROCEDURE 

The  samples  used  in  our  experiments  are  planar  devices.  The  epitaxial  layers  are  grown 
by  molecular  beam  epitaxy.  The  growing  sequences  are  as  follows:  an  undoped  GaAs 
buffer  layer  of  thickness  500nm  is  grown  over  a  semi  insulating  GaAs  substrate.  The 
buffer  is  followed  by  a  graded  in  composition  (x=0  to  x=0.25)  undoped  AlGaAs  layer, 
lOOnm  thick.  This  to  avoid  any  modulation  -doping  effects  and  electron  accumulation 
in  GaAs  buffer.  Then  a  1  pm  thick  AIq  25Ci^.75As  layer  is  grown.  Si  doped  at  4 
lO^^cm"^.  The  top  layer  consists  of  an  n  ~  2  lO^^cm'"^  GaAs  cap  layer  on  which 
AuGe-Ni  contacts  were  processed  and  AlGaAs  surface  passivated.  The  devices  are 
planar  resistors  (Transmission  Line  Model)  of  5,  10,  20,  50pm  length  and  80pm  width. 
The  device  structures  are  sketched  in  Fig.  1  The  contact  resistance  associated  with 
the  ohmic  contact  to  the  active  AlGaAs  layer  is  determined  from  the  following 
equation: 

+2R^  (1) 

A 
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Fig.  1-  Layer  configuration 


where  Rj  is  the  resistance  between  the  two 
electrodes,  p  the  resistivity  of  the  active 
layer  AlGaAs  of  length  /  and  cross  section 
A.  The  linear  extrapolation  to  1=0  in  eqn.  1 
gives  2R(,=101}.  Oi^y  2R^=1.5fi  was  found 
from  the  same  contact  plugs  to  GaAs 
layers^.  This  points  to  a  serious 
contribution  of  the  heterojunction  interface 
(n'^GaAs/  AlGaAs)  in  the  devices. 


m-  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Fig. 2-  Current  spectral  density  for  a 
/=10pm  AlGaAs  device  at  3  different 
bias  currents. 


Noise  measurements  were  performed  at 
room  temperature  in  the  frequency  range 
IHz-  lOOICHz  for  different  dc  bias  current  I. 
The  current  fluctuations  Si(f)  are  shown  in 
Fig. 2  with  I  as  a  parameter  for  a  sample 
length  of  10pm.  The  excess  noise  spectra  are 
proportional  to  P  and  involve  1/f  noise  and  a 
broad  g-r  noise  which  can  be  fitted  with  two 
lorentzian  shaped  generation  recombinaison 
contributions.  The  current  noise  is  shown  in 
Fig. 3  for  different  sample  lengths  at  constant 
bias  current  1=1  ma.  The  experimental  results 
can  be  summarized  therefore  by  the 
expression: 


Gj/f  Ggrl  ^  Ggr2 

r  i  +  (f/fcif  i  +  (f/fc2f 


(2) 


where  \<y  <1.2,  f^j^  SlO^Hz  and  fc2=  4.310'^Hz  are  the  comer  frequencies,  Cg^.P  is 
the  low  frequency  plateau  value  of  the  g-r  noise. 

For  conductance  fluctuations  in  the  ohmic  region  the  relation  below,  always  holds: 

h.  -^G  _Sr 
1^  g2  r2 


Considering  eq.(l),  the  resistance  noise  Sr  can  be  described'^  by  an  addition  of  a  bulk 
and  contact  contribution  given  by: 
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Sr  = 


aR 


bulk 


Nf 


2 

+  I 

i=l 


Cgri^bulk 

l  +  (f/fci) 


2 


(4) 


where  a  is  the  1/f  noise  parameter  and  N 
the  total  free  charge  carriers  number. 

When  traps  are  distributed  homogeneously 
over  the  bulk  or  only  over  the  surface  or 
interface  of  the  epi-layer  with  the  spacer, 
the  term  =  <  AN2>/N2.4ri  is  expected 
to  vary  as  l/Nf^j  and  hence  is 

proportional  to  /.  For  the  contact  noise 
term  SRc,we  expect  no  dependence  on  /. 

Fig.3-  Current  noise' spectra  Si  versus  The  dependence  of  C,/f,  C^,.  C„2  with  N 
frequency  f  from  4  samples  of  different  can  be  deduced  from  the  plot  of  the  current 

length  at  an  average  current  of  I=lmA  T®®  ® 

^  ^  frequencies  F=3Hz,  IKHz,  lOKHz  and 

lOOKHz  (see  Fig.4). 

The  results  does  not  show  an  appreciable  deviation  from  the  1//  dependency. 

These  results  point  to  the  fact  that  both  1/f  and 
generation-recombinaison  noise  stem  from  an 
AlGaAs  layer.  The  contact  plug  with  its 
heterojunction  has  a  negligible  low  noise 
contribution.  From  the  1/f  noise,  the  Hooge 
coefficient  ajj  has  been  determined.  The  value 
found  is  about  410"'^  which  is  an  indication  for  the 
quality  of  the  layer*.  Examination  of  the  g-r  noise 
expression  with  the  device  geometry,  show  that 
fluctuation  stemming  from  the  AlGaAs  bulk  or 
10“  10^  10^  from  the  AlGaAs  surface  or  the  AlGaAs/spacer 

Fig.4-  Relative  no'iT/  Si/I^  versus  ^ 

length  I  at  f=3Hz,  IkHz,  lOkHz,  ^istinguisted. 

lOOkHz. 

In  this  way,  current  noise  comparisons  have  been  performed  in  devices  with  and 
without  AlGaAs  passivated  surface. 

Experimental  results  plotted  Fig. 5,  show  no  appreciable  difference  which  means  that 
the  g-r  noise  and  the  1/f  noise  do  not  stem  from  the  AlGaAs  surface.  Moreover  we 
measured  the  L-F  noise  of  devices  with  Al  mole  fraction  of  x=0.2.  Both  devices  (x=0.2 
and  x=0.25)  were  compared.  While  the  x=0.25  and  x=0.2  exhibited  comparable  1/f 
noise,  the  g-r  noise  was  eliminated  for  the  x=0.2  devices  as  shown  in  Fig. 6.  These 
results  give  a  strong  support  for  the  bulk  origin  of  the  g-r  noise.  The  g-r  noise  source 
can  be  associated  with  traps  in  the  AlGaAs  bulk. 
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Fig. 5-  Comparison  of  current  noise  Fig. 6-  Comparison  of  current  noise 
spectra  Si  of  a  /=10pm  device,  with  and  spectral  density  Si  of  /=5|im  devices  for 
without  AlGaAs  surface  passivation.  two  different  A1  mole  fractions. 

IV-CONCLUSIONS 

The  dominant  source  of  1/f  in  our  AlGaAs  devices  was  shown  to  vary  as  and  is 
associated  with  AlGaAs  bulk.  The  measurements  also  suggest  that  the  origin  of  the  g-r 
noise  is  due  to  fluctuations  of  traps  distributed  in  AlGaAs  bulk. 
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FLUCTUATING  DEEP-LEVEL  TRAP  OCCUPANCY  MODEL  FOR  HOOGE’S  1/f 
NOISE  PARAMETER  FOR  SEMICONDUCTOR  RESISTORS 

Patrick  A.  Folkes 
Army  Research  Laboratory 
Fort  Monmouth,  NJ  07703-5601 

ABSTRACT 

A  theoretical  expression  for  Hooge’s  1/f  noise  parameter  a,  for  a  Schottky  barrier  field-effect 
transistor  (MESFET),  which  has  been  biased  at  a  small  drain-source  voltage  (a  gate-controlled 
semiconductor  resistor),  has  been  derived.  The  theory  is  based  on  the  fluctuating  occupancy 
of  deep  level  traps  in  the  depletion  region.  The  theory  shows  that  a  varies  approximately  as 
n'^^,  where  n  is  the  electron  density,  and  that  a  is  sensitive  to  the  trap  concentration,  the  gate 
(or  semiconductor  surface)  potential,  the  thickness  of  the  semiconductor  conducting  layer  and 
the  low-field  electron  mobility-depletion  depth  profile.  We  obtain  excellent  agreement  between 
the  theoretical  and  experimental  dependence  of  a  on  the  gate  voltage. 

INTRODUCTION 

Hooge’s  empirical  formula  is  widely  used  in  discussing  1/f  noise  in  semiconductor 
devices.  Sf,  the  spectral  density  of  the  1/f  fluctuations  in  the  current  I,  is  given  by  the 
expression^ 


^__a  (1) 

P  Nf 

where  N  is  the  number  of  charge  carriers  in  the  semiconductor  resistor,  f  is  the  frequency  and 
a  which  was  initially  chosen  to  be  2  x  10’^  to  fit  experimental  data  on  semiconductor  resistors, 
is  Hooge’s  parameter.  Numerous  experimental  results  confirm  the  validity  of  Hooge’s  formula 
if  a,  is  allowed  to  vary  from  sample  to  sample^.  For  room  temperature  semiconductor 
resistors,  a  decreases  sharply  with  increasing  electron  density  n,  with  observed  values  ranging 
from  10*^  to  10*^.  The  dependence  of  a  on  electron  concentration  was  attributed  to  the 
reduction  in  carrier  mobility  due  to  impurity  scattering.  However  recent  measurements  on 
GaAs  MESFETs  do  not  support  this  conclusion^’"*.  To  the  best  of  my  knowledge,  the 
observed  large  variations  in  a  remain  unexplained,  heretofore.  In  this  paper  we  derive  a 
theoretical  expression  for  Hooge’s  parameter  for  a  MESFET  which  is  biased  at  a  small  voltage 
based  on  the  recently  developed  fluctuating  deep-level  trap  occupancy  model  for  bulk 
semiconductor  1/f  noise^’®  and  present  experimental  results  which  show  excellent  agreement 
with  theory. 

THEORY 

Using  the  gradual  channel  approximation,  I  is  given  by  the  equation^: 
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/  =  -enjj — 


L\<y,^Q)  a 


where  Z  and  L  are  the  width  and  length  of  the  gate  respectively,  Q  is  the  charge  on  the  gate, 
a  is  the  depth  of  the  active  layer,  b,bs  and  b^  are  the  steady-state  channel  heights  at  some 
point  in  the  channel,  the  source  and  drain  respectively,  n  and  p  are  the  average  electron 
density  and  mobility  in  the  channel  respectively,  e  is  the  electron  charge,  e  is  the  dielectric 
constant,  Vq  and  Vg  are  the  applied  drain  and  gate  voltages  and  Wq  =  nea^/2e  is  the  channel 
potential  needed  to  completely  deplete  the  channel.  Ws=  |Vb|-Vg  and  Wd=  Ws+Vp  are  the 
channel  potentials  relative  to  the  gate  at  the  source  and  drain  respectively;  is  the  Schottky 
built-in  potential.  At  any  point  in  the  channel  b  is  related  to  the  the  channel  potential  W,  by 
the  equation: 


1-1. 

a 


A  detailed  one-dimensional  analysis’’^  shows  that  the  MESFET’s  gate  charge  fluctuation 
results  in  1/f  noise  over  a  spectral  range  which  depends  on  the  trap  energy  distribution.  For 
small  Vp  the  1/f  noise  spectral  density  Sf  can  be  approximated  by* 

^  _  1  F^F‘  ^4) 

'  f  4Z,’ 


F(VM 


l-WW'o)' 


abs  bs  obj)  bjy 


abs  bs  ab^  b^ 
4  3  ^ 
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where  f  is  the  frequency,  is  the  average  trap  density,  XD=(ekT/e^n)^^  is  the  Debye  length, 
k  is  Boltzmann  constant,  T  is  the  lattice  temperature  and  p(d)  is  the  electron  mobility  at  the 
channel/depletion  region  boundary.  Integrating  (2)  we  obtain 


/  = 


2e\mZWJF^ 

La^ 


(10) 


The  number  of  electrons  in  the  channel  under  the  gate  is  given  by 


N-=nZUJ. 


(11) 


Combining  (1),  (4),  (10)  and  (11)  we  obtain  the  following  expression  for  a 


a=/7(Vo,yp 


4e 


(12) 


(FiF.-W 


(13) 


COMPARISON  WITH  EXPERIMENTAL  RESULTS 

1/f  noise,  current-voltage,  electron  concentration  and  low-field  mobility  profile 
measurements,  were  carried  out  on  a  MESFET  which  exhibits  1/f  noise  over  the  frequency 
range  .02  -  100  MHz  at  300K.  The  device  parameters  are:  L=1  pm,  Z=500  |Lun,  a=  0.16|Lim, 
n=10^^  cm'^  and  Wo=L76V.  Details  of  the  experimental  technique  used  in  measuring  the 
electron  density  and  mobility  p(d)  have  been  published^^’.  p(d)  and  S^f  =  0.15MHz)  were 
measured  with  Vd  =  O.IV.  Using  (11)  to  calculate  N,  a  can  be  accurately  determined  from 
measurements  of  Sf  and  I.  Fig.l  shows  the  measured  values  of  a  as  a  function  of  Vg  with 
Vd=0.1V.  The  experimental  data  shows  that  for  a  constant  Vu,  a  increases  as  the  conducting 
channel  is  depleted  by  varying  Vg.  The  measured  value  of  Sf  at  Vg=0  is  used  to  determine  that 
Nj  =6.9  x  lO^^cm'^  for  this  device.  The  parameter  (p(d)/p)^,  which  is  plotted  in  Fig.l,  is 
obtained  by  numerical  integration  of  the  p(d)  data.  Using  these  and  the  above  device 
parameters  in  (12),  a  is  calculated  and  plotted  in  Fig.l  as  a  function  of  Vg.  It  should  be 
emphasized  that  the  theoretical  values  for  a  are  obtained  with  the  use  of  the  single  fitting 
parameter  N^  =6.9  x  10^^cm'^  The  theory  predicts  that  (X=  1.52  x  10'^  at  Vg=  0  which  agrees 
with  the  measured  value  of  1.35  x  10’^.  Fig.l  also  shows  that  the  observed  variation  of  a  over 
the  range  -0.3V  <  Vg  <  0.2V  is  in  excellent  agreement  with  the  theoretical  dependence. 

Equation  (12)  shows  that  a  is  proportional  to  the  trap  density  and  does  not  depend  on  the 
resistor  width  or  length.  Fig.2a  shows  that  H(VD,Vg)  and  hence  a  is  insensitive  to  V^  for 
voltages  small  compared  to  Wq.  If  we  vary  n  over  the  range  5  x  lO^^cm'^  <  n  <  2.5  x  lO^^cm'^ 
while  keeping  the  other  device  parameters  constant  Fig.2b  shows  that  H  changes  only  slightly. 
This  implies  that  over  the  same  range  of  electron  density,  a  is  approximately  =«  n  This 
result  could  explain  the  observed  reduction  in  samples  with  increased  carrier  density^.  The 
theory  also  shows  that  a  decreases  by  a  factor  of  eight  as  the  thickness  of  the  semiconductor 
is  changed  from  .15|Lun  to  .25iim  as  shown  in  Fig,2c.  Note  that  a  has  a  (kT)^'^  temperature 
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dependence.  In  concluding,  we  point  out  that  the  fluctuating  deep  level  trap  occupancy  1/f 
noise  model  readily  explains  the  large  variations  in  the  observed  values  of  a. 


Vo  (VOLTS) 


1  ,  2 
n  (10'^cm  ) 


a{)im) 


Fig.l  Experimental  (circles),  theoretical  (solid  Fig,2  Theoretical  plots  of  H(VD,Vg)  vs  (a) 
line)  a  and  (jl(d)/p)^  (square  dots)  as  a  Vd  (b)  electron  density  and  (c)  active 
function  of  Vg  with  Vj)=0,lV.  layer  thickness. 
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DISORDER-INDUCED  FLICKER  NOISE  IN  SMALL 

STRUCTURES. 

NORMAL  AND  SUPERCONDUCTING  STATE. 

Yu.M.Calperiii  and  VJ.Kozub 

A. F. Ioffe  Physico-Teeiiiiica]  Institute,  St. -Petersburg,  Pv,ussia 


ABSTRACT 

A  short  review  of  theoretical  and  experimental  results  concerning  flicker  noise 
in  small  metallic  structures  with  a  special  emphasis  on  telegraph  noise  related  to 
separate  '’fiuctuators”.  It  is  demonstrated  that  the  behavior  observed  including 
temperature,  bias  and  magnetic  field  behavior  can  be  explained  within  a  frame¬ 
work  of  the  model  of  "soft”  double-well  interatomic  potentials.  The  applications 
to  superconducting  state  (including  high-Tc  materials  are  discussed. 

No  doubt  that  the  most  important  achievements  in  the  problem  of  flicker  noise  in 
recent  years  have  been  connected  with  the  noise  studies  in  small  size  systems  and 
low-dimensional  systems.  These  studies  (see,  e.g  [1-5]  have  lead  to  a  decomposi¬ 
tion  of  the  flicker  noise  to  a  sum  of  telegraph  processes  and  proved  the  concept 
of  "elementary  fluctuator”  following  the  ideas  by  Bernamont  [6]  and  McWhorter 

m- 

In  the  case  of  MOSFET-hke  structures  there  are  strong  evidences  (see  review 
article  [2])  that  the  fluctuators  can  be  identified  with  some  deep  traps  situated 
in  the  insulating  layer  while  the  relaxation  time  scatter  necessary  for  the  flicker 
noise  formation  is  due  to  difference  in  spatial  separation  between  the  traps  and 
the  semiconductor.  (Note  however  that  as  it  has  been  shown  by  D^’yakonova  and 
Levinshtein  [8]  the  deep  traps  in  the  bulk  of  semiconductors  under  some  additional 
suggestions  can  also  contribute  to  the  flicker  noise).  However  this  mechanism  of 
noise  (although  very  important  from  the  technical  point  of  view)  seems  to  be  not 
general  enough  because  1/f  noise  exists  in  purely  metallic  systems  as  well. 

From  this  point  of  view  it  appears  that  the  fluctuators  of  most  general  nature 
in  solids  are  those  provided  by  some  structural  disorder  and  related  to  some  slow 
atomic  motion  in  double- well  disorder-induced  potentials.  On  the  other  hand,  the 
necessary  scatter  of  relaxation  times  is  an  inherent  property  of  any  disorder.  Note 
that  the  connection  of  flicker  noise  with  structural  disorder  has  been  evidenced 
by  experiments  by  Pelz  and  Clarke  [9], 

At  low  temperatures  such  fluctuators  can  be  identified  with  well-known  two- 
level  systems  (TLS).  Kogan  and  Nagaev  [10]  and  Ludviksson,  Kree  and  Schmid 
[11]  were  the  first  to  suggest  TLS  as  the  source  of  the  flicker  noise  while  the 
detailed  theory  of  this  mechanism  applicable  to  smaJi-size  systems  was  developed 
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by  one  of  the  authors  [12],  At  higher  temper  at  u  res  j  however,  TLS  model  is  not 
valid  because  the  higher  levels  can  be  activated  as  well.  However  the  concept 
of  ”soft”  double-well  interatomic  potentials  still  holds.  Having  in  mind  that  the 
low  frequency  noise  is  due  interwell  transitions  whOe  large  relaxation  times  imply 
high  and  wide  barriers  one  sees  that  the  presence  of  many  levels  in  each  of  the 
well  lead  to  no  dramatic  effect.  Indeed,  on  a  large  time  scale  (corresponding  to 
interwell  transitions)  each  well  can  be  described  by  some  averaged  characteristics. 

The  general  theory  of  the  noise  produced  by  these  objects  valid  for  the  wide 
temperature  range  has  been  developed  by  Galperin,  Karpov  and  Kozub  [13] 
within  a  framework  of  soft- potential  approach  (SPA)  [14].  It  has  been  shown 
in  particular  that  there  should  be  relatively  sharp  crossover  from  tuiinehng  type 
of  fluctuator  relaxation  to  activation  one  at  some  temperature  ~  w  (where 
m  ^  10  “  30K  is  some  characteristic  energy  of  SPA  of  the  order  of  the  interlevel 
spacing). 

For  the  bulk  samples  the  Hooge  constant  cv  ha.s  been  estimated.  The  main 
conclusions  have  been  the  following:  l)  tv  may  depend  on  to  and  T  while  the  exact 
forms  of  such  behavior  are  sensitive  to  the  distribution  of  the  barriers  parameters, 
2)  typically  a  depends  on  w  only  logarithmically,  however  power  corrections  to 
l/u  behavior  are  in  principle  possible,  3)  for  T  <  T^r  a  oc  T  while  for  T  >  T^r 
exhibits  in  general  a  non-monotonous  behavior,  4)  the  quantitative  estimates  of 
Of  using  the  fluctuators  densities  typical  for  amorphous  materials  (greatest  degree 
of  disorder)  are  in  agreement  with  greatest  experimental  values  (10“^  —  10“^). 
Thus  the  results  seems  to  be  consistent  with  existing  experimental  data. 

The  experiments  by  Ralls  and  Buhrman  [3,15]  (and  later  experiments  by  Hol- 
weg  et  al.  [16])  on  the  metallic  point  contacts  have  given  a  possibility  to  study 
the  parameters  of  separate  fluctuator  (activation  energy,  barriers  heights  and 
strengths,  scattering  cross-sections  etc).  It  appears  that  at  small  and  moderate 
temperatures  (j  100-  150  K  )  the  experimental  results  are  in  agreement  with  SPA 
model  of  separate  fluctuator  [13].  However  at  higher  temperatures  pronounced 
effects  of  interfiuctuator  interactions  leading  to  much  more  complex  picture  of 
noise  have  been  observed.  In  a  view  that  in  metals  such  interaction  can  be  me¬ 
diated  only  by  deformational  coupling  strongly  decreasing  with  increase  of  the 
spacing  (oc  one  may  suggest  that  this  fact  iniphes  that  the  fluctuators  are 
formed  within  some  close  disordered  clusters  of  atoms  e.g.  near  dislocation  hnCvS. 
However  until  now  the  absence  of  microscopic  model  of  the  fluctuators  prevents 
the  detailed  analysis  of  this  problem. 

In  experiments  [15,16]  the  effect  of  bias  on  the  telegraph  noise  has  been  stud¬ 
ied  as  well.  In  addition  to  increase  of  fluctuators  relaxation  rate  r“^  with  the 
bias  increase  (that  has  been  prescribed  to  electronic  mechanism  of  fluctuators 
activation)  even  more  surprising  behavior  hke  dependence  of  r  on  the  polarity 
of  the  bias  has  been  reported.  To  explain  the  latter  behavior  the  model  of  elec¬ 
tromigration  (involving  some  additional  parameters  has  been  suggested  [15,16]. 
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Howevei  recently  it  has  been  shown  [17]  that  one  can  semiquantitatively  explain 
the  whole  picture  observed  within  a  framework  of  SPA  taking  into  account  that 
at  the  biases  larger  than  ImV  fluctuators  within  the  nanostructure  are  coupled 
mainly  with  non  equilibrium  phonons  emitted  by  nonequilibrium  electrons  rather 
than  with  the  electrons  themselves.  A  direction  of  the  phonon  emission  being 
sensitive  to  a  current  direction,  one  explains  the  effect  of  the  bias  polarity  as  a 
result  of  spatial  asymmetry  of  uonequilibrium  phonon  ” cloud”  depending  on  the 
polarity  in  question. 

We  would  like  to  mention  as  well  instructive  results  of  telegraph  noise  studies 
in  bismuth  microbridges  [18]  reveahng  in  particular  a  surprising  magnetic  field 
effect  on  the  noise  that  as  has  been  proved  in  [18]  can  not  be  related  to  some 
locahzed  magnetic  moments.  Authors  of  [18]  suggested  the  possible  role  of  spatial 
mesoscopic  redistribution  of  electronic  density  influencing  fluctuators  parameters 
which  is  sensitive  to  magnetic  field.  However  the  picture  observed  (oscillations  of 
the  TLS  interlevel  spacing  E  reproduced  for  different  fluctuators  and  increase  of 
E  at  higher  fields  seems  to  be  a  systematic  one  rather  than  random  one  typical 
for  mesoscopic  effects.  We  believe  that  one  can  explain  such  a.  behavior  basing 
on  2  facts:  1)  the  TLS  interlevel  spacing  is  adiabatically  renornicdized  by  the 
electrons  in  a  way  considered  in  [12],  2)  in  Bi  magnetic  fields  of  the  order  of 
ST  used  in  [18]  appear  to  correspond  to  the  extreme  quantum  hmit  implying  a 
pronounced  Landau  quantization,  that,  in  its  turn,  affects  the  interlevel  spacing. 
We  are  going  to  analyze  this  behavior  in  more  detail  elsewhere.  In  addition,  an 
anomalous  temperature  behavior  of  r  (increase  of  r  with  temperature  increase  at 
T  <  \K  has  been  observed  for  the  same  systems  in  [19].  Such  an  anomaly  was 
explained  with  a  help  of  ” dissipative  tunneling”  model  pioneered  by  Kondo  [20]. 

These  facts  to  our  point  of  view  allows  one  to  identify  the  fluctuators  at  least 
in  metals  with  soft  interatomic  potentials  produced  by  some  structural  disorder 
(e.g.  due  to  structural  defects  and  their  aggregates). 

Note  that  the  picture  of  the  resistivity  fluctuations  can  be  the  classical  one 
(when  the  scattering  events  due  to  different  scatterers  are  independent)  or  the 
quantum  one  -  when  the  quantum  interference  effects  are  important  (so-called 
universal  conductance  fluctuations  -  see  review  article  [21]).  According  to  our 
estimates  ([22])  for  metallic  point  contacts  the  classical  effects  dominate  while 
for  2D  electron  systems  in  semiconductor  structures  quantum  effects  can  be  of 
importance. 

We  believe  that  the  theory  [13]  can  also  explain  the  experimental  data  ob¬ 
tained  for  small  tunnel  junctions  [4,5]  when  the  fluctuators  are  situated  in  an 
insulating  barrier.  In  particular  it  exi>lains  a  crossover  from  tuniiehng  to  acti¬ 
vation  at  T  \SK  observed  in  [4],  Sometimes  tlie  telegra.ph  noise  in  tunnel 
junctions  is  prescribed  to  electronic  traps  within  the  barrier  region  (see  e.g. [4]). 
However  we  would  like  to  note  that  to  explain  large  relaxation  times  observed 
the  probability  of  electron  tunneling  to  tlie  trap  from  the  closest  of  the  metal 
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electrodes;  on  the  other  hand  such  a  suggestion  seems  to  be  incompatible  with 
the  fact  that  the  tunneling  through  thewholebarrier  (responsible  for  the  junction 
conductance)  should  be  effective  enough.  The  model  of  "structural”  fluctuators 
discussed  above  does  not  meet  such  a  problem.  As  for  anomalously  large  noise 
amphtude  observed  in  [4,5]  we  beheve  that  one  can  explain  it  taking  into  account 
the  fluctuations  of  the  barrier  thickness;  in  a  view  of  corresponding  exponential 
dependence  of  the  barrier  transparency  an  effective  cross-section  of  the  contact 
appears  to  be  much  smaller  than  geometrical  one  that  emphasizes  the  noise  [22]. 

As  it  is  well-known  the  flicker  noise  is  of  special  importance  for  supercon¬ 
ducting  devices  because  it  is  these  devices  (like  superconducting  quantum  mag¬ 
netometer)  that  provide  the  record  levels  of  sensitivity.  Here  one  should  first 
discuss  the  noise  in  Josephson  structures  (see  e.g.  the  review  article  by  Clarke 
[23]),  As  it  has  been  shown  [12]  the  disorder-induced  fluctuators  in  Josephson 
tunnel  junctions  and  other  structures  (point  contacts,  microbridges,  etc)  lead  to 
the  flicker  noise  in  critical  Josephson  current.  On  the  other  hand,  in  a  closed 
superconducting  loop  containing  the  junction  the  fluctuations  of  a  magnetic  flux 
through  the  loop  should  take  place  [12]. 

One  can  expect  the  disorder-induced  flicker  noise  to  be  pronounced  in  high- 
Tc  superconductors  because  the  disorder  (e.g.  in  oxygen  vacancies  arrangement) 
seems  to  be  an  inherent  property  of  these  materials.  The  theory  of  the  noise  has 
been  generalized  for  high-Tc  Josephson  structures  in  actual  temperature  region 
in  papers  [22,24]  The  estimates  of  the  noise  obtained  with  the  use  of  the  inde¬ 
pendent  data  gives  the  upper  limit  of  the  sensitivity  of  high^Tc  magnetometer  to 
be  --  ($o  being  the  flux  quantum).  A  detailed  theory  of  disorder-induced 

flicker  noise  in  high-j;  SQUIDs  has  been  developed  in  paper  [25]  where  different 
regimes  important  from  the  practical  point  of  view  has  been  considered.  Theo¬ 
retical  estimates  seems  to  be  in  agreement  with  existing  experimental  situation 
concerning  the  noise  in  high-Te  weak  hnks  (see  e.g.  [26,27]). 

The  other  possible  source  of  noise  in  superconducting  devices  can  be  connected 
with  vortices  jumps;  the  experimentalists  succeeded  in  observation  of  telegraph 
noise  connected  with  jumps  of  single  vortex  [28].  Such  a  magnetic  noise  can  also 
be  considered  to  be  related  to  disorder  providing  the  scatter  of  pinning  energies. 

We  would  like  to  note  as  well  that  one  should  expect  the  fluctuators  coupling 
with  superconductivity  not  only  in  Josephson  structures  but  in  "bulk”  samples  as 
well  e.g.  due  to  dependence  of  superconducting  parameters  on  local  strains.  As 
a  result  the  parameters  in  question  (like  "superconducting  electrons  density" 
Ns,  magnetic  field  penetration  length  etc.)  should  exhibit  local  non-station  ary 
fluctuations  leading  in  particular  to  resistivity  fluctuations  within  the  supercon¬ 
ducting  transition  region.  An  interesting  scenario  seems  to  be  related  to  local 
fluctuations  of  critical  magnetic  field  that  may  affect  the  vortices  structure 
behavior.  Then,  one  may  expect  that  due  to  the  coupling  discussed  the  very 
fluctuators  states  are  dependent  on  the  state  of  the  superconducting  condensate. 
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Thai  may  impose  the  features  of  structural  relaxation  (hke  memory  effects  and 
slow  relaxation  phenomena)  on  the  condensate  responce.  These  phenomena  are 
discussed  in  more  detail  in  Ref.  29, 

Thus  one  can  conclude  that  according  to  recent  experimental  and  theoreti¬ 
cal  achievements  the  structural  disorder  may  provide  an  effective  source  of  the 
flicker  noise  especially  pronounced  in  small  structures  in  normal  as  well  as  in 
superconducting  state. 
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HYDRODYNAMICAL  FLUCTUATIONS  IN  HOT 
ELECTRON  GAS 
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ABSTRACT 

]Ve  develop  the  theory  of  the  hydrodynamic  fluctuations  in  nonequilibrium  elec¬ 
tron  gas  which  can  be  described  by  electron  temperature.  For  this  case  the  char¬ 
acteristic  spatial-time  parameters  are  the  electric  charge  decay  time  rj/,  the  elec¬ 
tron  temperature  relaxation  time  vp  and  corresponding  with  them  two  diffusional 
lengths  Lig  and  Lp.  The  spectral  densities  of  the  fluctuations  are  found  and  in¬ 
vestigated  at  arbitrary  relationships  between  the  fluctuation  frequency  uf  and  times 
rwi  Vr  for  wave  vectors  q  and  the  lengths  Lt*  in  the  first  it  is  established 
the  effect  of  the  cross-over  correlation  of  the  electron  density  5n(f,u>)  and  tem¬ 
perature  ST(qyCj)  fluctuations.  The  cross-correlation  depends  on  u  and  changes 
its  sign  that  indicates  the  existence  of  the  frequence  regions  of  correlation  and 
anti-correlation  of  Sn^q^u))  and  STijq^w).  In  general  case^  spectral  densities  of 
the  fluctuations  have  non-Lorentz  form  and  that  holds  with  thermal  equilibrium 
too.  At  the  equilibrium  the  cross-correlation  effect  leads  to  only  redistribution  of 
the  fluctuation  intensity  over  the  frequency  region.  Under  nonequilibrium  condi¬ 
tions  the  cross-correlation  changes  also  integral  intensities  of  the  fluctuations  and 
directly  related  with  additional  kinetic  correlation  of  the  hot  electrons  caused  by 
electron-electron  interaction.  The  results  are  applied  to  the  calculation  of  the  light 
scattering  by  the  electron  plasma  fluctuations. 

INTRODUCTION 

Hydrodynamical  fluctuations  are  long-range  and  low-frequency  stochastic  ex¬ 
citations  of  the  physical  system  with  respect  to  stationary  state  of  the  system. 
It  is  assumed  that  for  typical  wave  vector  q  and  frequency  w  of  fluctuations  the 
following  conditions  are  satisfied 

a;r<l,  <  1,  (1) 

where  L  and  r  are  microscopic  characteristics  of  space  and  time  parameters  of  the 
system.  In  this  case  the  physical  object  behaves  as  a  continuous  medium  and  can 
be  described  by  a  system  of  macroscopic  equations.  Nevertheless,  that  does  not 
means  that  description  of  fluctuations  by  such  a  system  of  macroscopic  equations 
is  complete.  Sources  of  all  fluctuations  are  determined  by  microscopic  random 
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events,  i.e,  by  coUisions  of  the  particles  in  the  system.  The  evolution  of  these 
fluctuative  excitations  has  two  stages. 

At  the  first  stage  the  fast  relaxation  of  initiai  excitation  to  local  stationary 
distribution  takes  place.  This  stage  of  relaxation  occurs  as  process  in  momentum 
space  and  is  governed  by  Boltzmann-Langevin  type  equation.  Local  stationarity 
is  reached  after  microscopic  time  r,  moreover,  this  process  occurs  independently 
in  each  element  of  volume  of  the  physical  system.  At  times  greater  than  r  the 
detailed  features  of  initial  distribution  of  particles  in  momentum  space  disappear 
and  the  distribution  takes  its  usual  form  in  momentum  space.  In  general  case 
this  distribution  depends  not  only  on  momenta  of  particles  but  also  on  some 
macroscopic  parameters  of  the  physical  system.  These  macroscopic  parameters 
arc  functions  of  the  space  coordinates  that  leads  to  local  flows  in  real  space. 
That  is,  random  processes  in  momentum  space  give  rise  to  the  dependence  of  the 
macroscopic  parameters  of  the  system  on  coordinates.The  following  relaxation  of 
these  macroscopic  parameters  occurs  during  the  second  slow  stage  of  the  evolution 
of  the  fluctuations  to  the  final  uniform  steady  state.  This  stage  specifies  the 
hydrodynamic£Li  evolution  of  the  fluctuations  including  space  transfer  of  electron 
density,  energy,  etc,  and  it  is  described  by  hydrodynamic  type  equations  for  the 
macroscopic  parameters. 

The  hydrodynamical  fluctuatibns  of  such  plasma  were  subject  of  the  numerical 
studies.  However,  the  most  advanced  results  have  been  formulated  in  two  following 
cases: 

7t  <  t-at,  w'Tr  <  1,  <  1,  (2) 

ru  <7^'y  (3) 

In  this  work  we  develop  the  theory  of  the  hydrodynamical  fluctuations  of  the 
hot  electron  plasma  for  more  general  case  when  it  is  possible  to  drop  the  limitations 
(2)  and  (3).  Such  a  generalisation  is  important  because  of  different  dependences  of 
the  parameters  and  tt  on  external  electric  field,  that  means  both  inequalities 
(2)  and  (3)  can  be  realised  for  the  same  physical  system. 

BASIC  EQUATIONS  FOR  HYDRODYNAMICAL  FLUCTUATIONS 

Our  consideration  is  based  on  the  Boltsmann-Langevin  kmetic  equation  for 
the  fluctuation  of  the  electron  distribution  function  SFf(q,a;): 

=  [“iw  +  -f  Lf]6Ff{qi  ^ 

dp 

^  »  (4) 

where  is  the  stochastic  microscopic  force  with  the  known  correlation  prop¬ 

erties,  tTis  the  electron  velocity,  e  is  charge  of  electron,  is  the  linearised  operator 
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of  the  Boltemann  equation: 

.  (5) 

Here  jE^  is  external  d.c.  electric  field)  Ff  is  hot  election  distribution  function, 
is  the  integral  operator  describing  interaction  with  thermal  bath, 
is  the  linearized  electron-electron  collision  operator  and  6S{qy(J)  being  the  self- 
consistent  electric  field  caused  by  the  spatial  redistribution  of  electrons.  This 
electric  field  is  determined  by  Poisson  equation 

SS{^, u,)  =  '£ SFfif, w)  ,  P(9)  =  ^  ,  (6) 

where  eo  is  the  lattice  dielectric  constant,  Vo  is  the  volume  of  crystal. 

We  win  seek  the  solution  of  the  equation  (4)  in  the  low-frequency  and  long- 
range  Hmit  (1)  using  the  Chapman- Ehiskog  method  under  typical  criteria  for  the 
hot  electron  plasma: 

rf<r„<r.,  (7) 

where  Tf  and  are  respectively  the  momentum  p  and  energy  ef  relaxation  times 
for  the  electrons  interacting  with  the  thermostat,  being  electron-electron  scat¬ 
tering  time. 

It  is  shown  that  the  fluctuation  of  ui)  can  be  expressed  via  two  fluctuat¬ 
ing  parameters:  ui)  and  6T(^y  u).  The  parameters  5n(f,  u)  and  6T{^y  u)  which 

appear  into  this  solution  can  be  obtained  from  conditions  of  solvable  of  equation 
(4).  These  conditions  are  the  continuity  equation  and  the  energy  transfer  equation 
for  the  fluctuations: 

w)  =  Q,  (8) 

f 

53  <^) = 53  ")  •  (^) 

i  i 


SPECTRAL  DENSITY  OF  HYDRODYNAMICAL  FLUCTUATIONS 


Solving  Eq8,(8)-(9)  we  have  received  spectral  densities  of  fluctuations  for  gen¬ 
eral  case.  Here  we  show  some  of  them  which  have  the  simplest  form, 
a)  Equilibrium  fluctuations;  .So  =  0; 


u?  -f- 


(5T»)^  = 


47^ 


(10) 


SW  +  i/ry  * 


(11) 
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lUiSnST)^  -  +  i/i.)a  ’ 

Im{6n6T)^  =  0  .  (13) 

Here  n  is  electron  density^  N  =  nFo,  Vq{T)  is  diffusion  coefficient,  i/jf,  i'? 
are  some  parameters  depending  on  tv,  Po(r)  and  g,  -Tb  =  dinVQ(T) J dinT , 
Consideration  of  the  two  fiuctuative  degrees  of  freedom  leads  to  the  new  results 
even  under  thermal  equilibrium  conditions:  the  existence  of  the  cross-correlation 
of  fluctuations  5n(f,CL>)  and  5T(^,£j),  non-Lorentz  form  of  spectra,  Re{6nST)^  is 
nonmonotonous  function  of  u  and  changes  sighn  into  some  frequency  re^on.  His 
behaviour  indicates  the  existence  of  regions  of  ** correlation  and  anticorrelation” 
of  the  fluctuations  of  8n  and  ST. 
b)  Tr2uisverse  fluctuations:  f  ±  Sq: 


-  VuV^Y  +  u>^{vu  +  i'rY  ’ 


(14) 


_  47^  VT!^  +  vhv^  -  +  v]t) 

''  3JV  (i^-vuv^Y  +  i^{yu  +  VTf  ’ 


IU{Sn6T)l  = 
Im{Sn6T%  = 


0^  --  ~ 

(a/*  “  +  vtY  ^ 

at'- 

—  i/Af 


(16) 

(16) 

(17) 


It  is  known  that  for  fluctuations  with  q  L  Eq  the  similaiity  of  both  nonequi¬ 
librium  spectra  and  equilibrium  spectra  (with  arbitrary  orientation  of  ^  takes 
place.  In  our  case,  as  it  follows  flrom  (14)-(17),  the  nonequilibrium  state  of  system 
shows  radical  violation  of  such  similaiity.  The  reason  of  this  change  is  the  extra- 
correlation  of  the  carriers  that  is  caused  by  the  electron-electron  interaction.  The 
measure  of  the  extra  ^rrelation  is  the  quantity  ii(T)  and  which  can  be  presented 
as  R{T)  =  {Fy  F}.  In  equilibrium  steady  state  R(T)  =  0  and  extra 

correlation  ^appears.  Depending  on  sign  of  quantity  R{T)  the  extra  correlation 
can  increase  (if  R(T)  <  0)  or  decrease  (if  R{T)  >  0)  the  intensity  of  fluctuations. 

The  above  results  were  applied  to  the  calculation  of  the  light  scattering  by 
the  hot  electron  plasma  fluctuations.  It  was  shown  that  the  cross-correlation 
effects  give  important  contributions  into  the  cross-section  of  the  light  scattering. 
The  cross-correlation  contribution  has  the  same  order  of  magnitude  with  that 
from  the  density  and  temperature  fluctuations.  Moreover,  the  contributions  in 
the  cross-section  given  by  the  real  and  imaginary  parts  of  the  cross-correlation 
term  can  be  separated  because  of  their  different  dependences  on  the  frequency 
of  the  incident  light.  The  cross-effects  bring  about  as  the  additional  anisotropy 
of  the  light  scattering  by  the  plasma,  as  the  qualitatively  new  phenomenon:  a 
correlation- induced  shift  of  the  peak  of  the  spectral  line  of  the  scattered  light. 
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ABSTRACT 

We  have  employed  a  novel  Monte  Carlo  technique  for  the  self-consistent  simulation 
of  electron  transport  and  noise  in  GaAs  quantum  wires  at  low  temperatures.  The 
electron  noise  at  low  electric  fields  is  completely  controlled  by  acoustic  phonon 
scattering.  It  is  demonstrated  that  the  efficiency  of  acoustic  phonon  scattering 
decreases  as  the  electric  field  increases.  As  the  result  electron  mobility  and  noise 
increase  as  the  field  initially  increases.  With  further  increase  in  electric  field  the 
role  of  optical  phonon  scattering  increases  and  the  electron  noise  starts  decreasing 
and  finally  collapses  at  the  streaming  frequency. 

INTRODUCTION 

Low  dimensional  semiconductor  structures  and  particularly  quasi-one- dimensional 
(ID)  quantum  wires  (QWI)  presently  attract  much  attention  due  to  possibilities 
to  achieve  very  high  electron  mobilities  at  low  temperatures^  and  possible  high- 
technology  applications.  A  crucial  device  characteristic  is  its  electric  noise  because 
it  sets  lower  limits  to  the  accuracy  of  any  measurement.  So  far  there  exist  almost 
no  studies  of  electron  noise  in  QWIs.  The  reason  is  that  understanding  of  noise 
comes  with  the  understanding  of  electron  scattering.  (In  turn,  noise  and  fluctu¬ 
ations  carry  all  the  information  about  scattering  processes  in  solids).  In  QWIs, 
where  electron-electron  and  impurity  scattering  is  virtually  eliminated^,  the  only 
inherent  scattering  processes  are  scattering  by  all  kinds  of  phonons.  There  exist 
rather  elaborated  models  for  electron  interaction  with  ID  confined  longitudinal 
optical  (LO)  phonons  and  by  localized  surface  (interface)  optical  (SO)  phonons  in 
QWIs^’^.  However,  so  far  there  was  a  considerable  gap  in  understanding  of  some 
essential  aspects  of  ID  electron  scattering  by  acoustic  phonons.  It  is  common 
practice  to  treat  acoustic  phonon  scattering  within  elastic  or  quasi-elastic  approx¬ 
imations  (see,  e.g.  Ref.4)  as  in  bulk  materials.  However,  it  has  been  shown^ 
that  acoustic  phonon  scattering  in  low  dimensional  structures  and  particularly  in 
QWIs  is  essentially  inelastic  and  is  far  more  important  than  in  bulk  materials, 
where  acoustic  phonon  scattering  is  quasi-elastic.  Due  to  peculiarities  of  phonon 
scattering  in  QWIs,  electron  kinetic  and  noise  parameters  may  be  considerably 
different  from  those  in  bulk  materials. 

The  aim  of  the  present  paper  is  to  get  an  insight  into  the  electron  transport  and 
noise  in  QWIs  at  low  temperatures  and  in  a  wide  range  of  electric  fields  through 
the  study  of  electron  noise  spectral  density.  We  employ  recently  developed  Monte 
Carlo  code  which  efficiently  includes  electron  scattering  by  acoustic  as  well  as  by 
optical  phonons  and  permits  self-consistent  simulation  of  electron  transport  and 
noise  in  ID  structures. 


©  1993  American  Institute  of  Physics 


49 


50  Phonon  Scattering  in  Quantum  Wires 


RESULTS  AND  DISCUSSION 

We  have  considered  rectangular  GaAs  QWI  embedded  into  AlAs  with  several  dif¬ 
ferent  cross  sections.  We  consider  non-degenerate  electron  gas  which  corresponds 
to  electron  concentration  of  the  order  of  or  less.  Electron  scattering  by 

confined  longitudinal  optical  (LO)  phonons  and  localized  surface  (interface)  opti¬ 
cal  (SO)  phonons^  as  well  as  by  bulk-like  acoustic  phonons^  has  been  taken  into 
account.  Ionized  impurities  are  assumed  to  be  located  sufficiently  remote  from 
the  QWI  so  that  they  do  not  affect  the  electron  motion  inside  the  wire.  We  have 
considered  7  subbands  but  only  the  first  2  or  3  influence  to  electron  transport  at 
low  temperatures. 

Figure  1  shows  electron  drift  velocity  as  a  function  of  applied  electric  field.  For 
thick  QWIs  (curves  1  and  2  in  Fig.l)  the  superlinear  region  appears  on  velocity- 
field  dependence  at  electric  field  of  the  order  of  10  V/cm.  As  the  thickness  of  a 
QWI  decreases  this  superlinear  region  goes  up  in  electric  fields  and  finally  disap¬ 
pears  for  40x40  QWI.  The  occurrence  of  the  superlinear  region  is  related  to 
the  beginning  of  electron  heating  by  electric  fields.  As  we  already  mentioned  in 
Introduction  the  superlinear  dependence  is  caused  by  reduction  of  the  efficiency 
of  acoustic  phonon  scattering  in  QWIs  as  the  electron  gas  gets  heated.  This  is 
purely  ID  effect. 

To  examine  the  superlinear  region  we  have  calculated  electron  diffusion  co¬ 
efficient.  It  is  plotted  in  Fig.  2  as  a  function  of  electric  field.  The  superlinear 
region  appears  on  diffusivity-field  dependence  as  a  broad  maximum.  Note  that 
diffusion  coefficient  is  equivalent  to  a  noise  spectral  density  at  zero  frequency  (see 
discussion  below).  The  maximum  of  diffusivity  is  well  pronounced  for  thick  QWIs 
and  disappears  for  40  x  40A^  QWI.  The  reason  for  this  is  that  electron  scatter¬ 
ing  by  acoustic  phonons  in  this  thin  QWI  is  so  strong^  that  it  prevents  electron 
heating  by  an  electric  field  up  to  very  high  electric  fields  where  optical  phonon 
emission  starts  dominating  and  electrons  enter  the  streaming  regime.  The  transi¬ 
tion  from  superlinear  region  to  electron  streaming  manifests  itself  as  the  decrease 
in  diffusivity. 

The  transition  from  diffusive  electron  transport  to  streaming  can  be  precisely 
revealed  from  the  analysis  of  velocity  autocorrelation  function: 

C(T)  =  (Sv(t)Sv(t  +  T)}^  (1) 

where  angular  brackets  stand  for  an  average  over  time  t,  Sv(t)  =  v(i)  -  Vd  is  the 
deviation  from  the  drift  velocity  Vd  at  time  t. 

Figure  3  shows  autocorrelation  functions  plotted  versus  delay  time  and  cal¬ 
culated  for  different  electric  fields  corresponding  to  the  ohmic  electron  transport 
(zero  electric  field),  the  superlinear  electron  transport  regime  (20  V/cm)  and  the 
near-streaming  regime  (200  V/cm).  The  characteristic  decay  time  increases  as  the 
electric  field  increases  from  zero  to  20  V/cm  reflecting  the  decrease  in  acoustic 
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phonon  scattering  efhciency  at  that  fields.  The  negative  autocorrelator  which  ap¬ 
pears  at  20  V/ cm  turns  to  damping  oscillations  when  electrons  reach  the  streaming 
regime  (200  V/cm).  The  oscillation  period  coincides  with  the  period  of  electron 
motion  in  k-space:  =  y2hujm* feE. 

The  calculated  autocorrelation  functions  have  been  used  to  calculate  the  fre¬ 
quency  dependences  of  electron  diffusion  coefficient  (velocity  noise  spectral  den¬ 
sity)  related  with  autocorrelation  function  through  Wiener-Khintchine  theorem: 

D{w)  =  r  dTe-''^'^C{T).  (2) 

Jo 

The  results  are  presented  in  Figure  4.  On  the  ordinates  we  plot  the  normalized 
diffusion  coefficient  which  in  fact  is  merely  the  normalized  noise  power  spectral 
density  of  conservative  electron  system.  The  relationship  between  the  spectral 
density  and  diffusion  coefficient  is  given  by®:  5(cj)  = 

The  frequency  dependence  of  diffusion  coefficient  at  zero  field  has  the  Loren- 
zian  shape:  constant  value  up  to  some  critical  frequency,  and  then  the  rapid 
step-like  decrease.  (The  same  Lorenzian  dependence  with  virtually  the  same  crit¬ 
ical  frequency  is  obtained  for  20  V/cm,  i.e,  at  the  maximum  of  diffusivity).  The 
critical  frequency  is  related  to  electron  scattering  rate  which  increases  effectively 
with  the  onset  of  optical  phonon  scattering.  The  effective  time  of  electron  scatter¬ 
ing  by  optical  phorons  is  determined  primarily  by  the  electric  field,  i.e.  is  equal 
to  the  streaming  time,  because  electron  penetration  into  the  active  region  is  still 
negligible.  At  higher  electric  fields  when  electron  streaming  takes  over  electron 
diffusive  motion,  the  critical  frequency  is  shifted  up  and  the  peak  related  to  the 
streaming  frequency  separates  from  the  step-like  diffusivity-frequency  dependence 
(see  Fig.  4).  With  the  further  increase  in  electric  field,  the  peak  related  to  the 
streaming  increases  while  the  plateau  of  constant  diffusivity  is  going  down.  In  that 
case  almost  all  diffusivity  (noise)  collapses  to  the  streaming  frequency  fs  =  1/ts 
and  frequencies  which  are  multiples  of  the  streaming  frequency. 
Acknowledgement:  This  work  was  supported  by  the  NSF  and  ARO. 
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Fig.  1.  Drift  velocity  as  a  function  of  electric 
field  for  three  cross  sections  of  a  QWI. 


ELECTRIC  FIELD  (V/cm) 

Fig.  2.  Diffusion  coefficient  as  a  function  of 
electric  field  for  three  cross  sections  of  a  QWI. 


Fig.  3.  Normalized  autocorrelation  function  Fig.  4.  Noimalized  diffusion  coefficient  as  a 
versus  delay  time  at  three  electric  fields.  function  of  frequency  at  two  electric  fields. 
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ABSTRACT 

In  discontinuous  platinum  films,  the  1/f  noise  temperature  dependence  shows  a 
peak  located  at  about  133K(11.4meV)  which  is  attributed  to  a  platinum  ll.lmeV 
surface  phonon.  As  a  consequence  of  the  surface  phonon  hardening  effect  brought 
about  by  residual  adsorbates,  the  peak  shifts  to  144K(12.3meV).  This  infrared  shift  is 
confirmed  by  leaking  hydrogen  in  the  high  vacuum  system  and  stands  for  a  possible 
new  proof  for  the  surface  phonons  participation  in  the  1/f  noise  generation. 

INTRODUCTION 

Tunneling  between  metal  islands  is  considered  to  be  the  main  mechanism 
producing  1/f  noise  in  discontinuous  platinum  films  ^’^(DPF).  Recently,  we  have 
reported  that  the  phonon  density  of  states  fits  well  the  dependence  of  the  1/f  noise 
intensity  on  temperature  in  DPF^.  The  question  why  the  phonon  density  of  states 
should  be  mirrored  in  the  noise  could  be  answered  if  one  considers,  as  usually  in  an 
overwhelming  number  of  physical  systems^  including  scanning  tunneling  microscope^, 
that  tunneling  process  is  an  inelastic  one,  hence  phonon  assisted.  In  DPT  the  tunneling 
between  metal  islands  is  in  essence  a  surface-effect,  thus  surface  phonon  assisted.  The 
presence  of  an  adsorbate(e.g., hydrogen)  between  metal  islands  bears  on  the  surface 
lattice  dynamics  and  usually  a  "stiffening"^  or  lowering  of  the  force  constants  within  the 
atoms  of  the  surface  layer  is  observed.  Consequently,  surface  phonon  energy  hardening 
or  softening  is  brought  about  by  adsorbates.  We  report  in  this  contribution  the  fact  that 
under  the  influence  of  the  residual  adsorbates  a  peak  existing  in  the  1/f  noise  of  a  DPF 
vs.  temperature  exhibits  a  displacement  corresponding  to  a  phonon  hardening 
effect(inffared  shift).  This  effect  could  stand  for  a  possible  new  proof  of  surface 
phonons  participation  in  the  1/f  noise  generation. 

EXPERIMENTS  AND  DISCUSSION 

Noise  measurements  in  the  temperature  range  (90-200)K  were  performed  on 
DPF  evaporated  on  sapphire  substrate,  in  an  ultrahigh-vacuum(10"^mbar),  electron 
beam  evaporation  system.  After  evaporation  and  some  annealing  cycles,  the  resistance 
of  the  samples  was  determined  as  a  function  of  temperature.  A  negative  thermal 
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observed,  10K(«0.86meV),  is  in  agreement  with  the  reported  values  for  other 
H2/metal  film  systems^®.  The  effect  has  been  observed  in  all  samples(in  one  of  them 
the  peak  was  downward  shifted,  however). 

To  verify  the  infrared  shift  hypothesis,  a  small  amount(Ap;^6.10-^mbar)  of 
hydrogen  has  been  introduced  in  the  vacuum  system  at  room  temperature,  the  sample 
was  cooled  then  till  about  90K,  and  the  noise  measurement  repeated.  In  accordance 
with  other  existing  data  in  niobiumll  and  palladium^^,  excess  1/f  noise  has  been  found 

by  hydrogen 

adsorption(Fig.l,  curve 
3,  dashed).  We  were 
surprised  to  observe  that 
^  hydrogen  produced  an 
enhanced  fine  structure  in 
the  noise(curve  3,  Fig.l).  It 
is  hardly  to  attribute  such  a 
fine  structure  to  desorption 
processes  because,  except 
^  for  small  steps,  no 
desorption  peak  was 
evident  in  p(T)(curve  3, 
Fig. 2).  The  hydrogen-metal 
system  is  a  system  with 
strong  proton-lattice 

^  coupling  and  also  with  a 
strong  proton-electron 
interact!  on  14  so  as,  in 
producing  the  noise  the 
proton  acts  as  an 
intermediary  between  the 
electron  and  the  lattice  and, 
in  this  way,  some  of  the 
Fig.  2.  The  shape  of  the  desorption  curves  lattice  dynamics  properties 

(pressure  vs.  temperature):  curve  1  -  higher  should  be  mirrored  into  the 

pressure,  curve  2  -  lower  pressure,  curve  3  -  noise.  That  is  why  many  of 
after  the  sample  was  loaded  with  hydrogen  peaks  of  the  curve  3 

can  be  easily  associated 

with  platinum  phonon  energies.  Few  of  them  cannot;  for  instance,  the  sharp  peak 
located  at  173K  corresponds  to  a  clear  diffusion  noise  spectrum(f3/2)^  while  for  174K 
we  observed  an  almost  pure  1/f  noise  spectrum.Adopting  a  self-trapped  state  model  for 
the  hydrogen  atom  into  the  host  lattice  1^  ,  a  diffusion  spectrum  can  appear  by  thermal 
activation  of  the  proton  over  the  barrier,  folowed  by  surface  diffusion,  while  an  1/f 
noise  spectrum  could  appear  by  a  phonon-assisted  quantum  tunneling  mechanisml^. 
Between  (1 15-145)K  the  noise  structure  of  the  curve  3  is  quasi-similar  to  the  structure 
of  the  curve  2,  except  for  the  fact  that  in  the  curve  3  all  peaks  are  slightly(5K)  shifted 
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coefficient  of  resistance  has  been  found  for  all  the  investigated  samples(five)  which  is 
an  indicative  of  the  discontinuous  structure  of  the  films.  In  all  samples,  l/F  noise(a«l) 
has  been  found  and  the  dependence  of  the  relative  voltage  noise  spectral 
density(SvA^^)  on  temperature  has  been  investigated  in  detail.  During  each  noise 
measurement  run,  the  temperature  dependence  of  the  residual  gas  pressure  in  the 
evaporation  system(p(T))  was  monitored. 

Curve  1  of  figure  1  shows 
that  the  dependence  of  the 
on  temperature  for  a 
given  film(RBc),  at  a 
frequency  of  lOHz,  presents 
a  fine  structure  and  a  peak 
located  at  about  143K. 
Each  point  in  Fig.l  has 
been  obtained  by  averaging 
15  snap-shot  spectra.  The 
corresponding  p(T) 

dependence(curve  1  of 
Fig.  2)  features  some 
desorption  peaks  at  153K, 
164K  and  175K  which  were 
attributed  either  to  H2 
desorption^(153K)  or  to 
water  desorption^(  1 64K 
and  175K)  at  platinum 
surface.  The  vacuum 
system  was  pumped  down 
further  and  the  noise 
measurement  repeated;  the 
dependence  p(T)(curve  2, 
Fig.  2)  shows  no  desorption 
peak  this  time,  while 
vs.  T(curve  2  of  Fig.  1) 
goes  again  through  a 
maximum.  One  notes  that 
noise  intensity  depends  on 
coverage:  at  lower 

coverage  the  noise  intensity  decreases.  Since  no  desorption  peak  appears  in  this 
situation,  it  results  that  the  noise  peak  does  is  not  induced  by  adsorbate  but  is  an 
intrinsic  property  of  the  material  itself  According  to  our  earlier  interpretation^,  for  a 
cleaner  surface(curve  2,  Fig.  1),  the  peak  located  at  about  133K(11.4meV) 
corresponds  to  a  platinum  surface  phonon  of  11.1  me V,  in  the  FK  direction^.  Figure  1 
shows  that  under  adsorbate  influence,  the  peak  located  at  133K  shifts  to 
143K(12.3meV).  We  believe  that  this  infrared  shift  is  an  expression  of  the  surface 
phonon  hardening  in  the  FK  direction  by  the  adsorbed  hydrogen.  The  displacement 
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Fig.  J.  vs.  T  in  Rgc  curve  1  -  higher 
pressure,  curve  2  -  lower  pressure,  curve  3  - 
sample  loaded  with  hydrogen 
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upward.  This  observation  confirms  the  existence  of  the  infrared  shift  as  a  real  effect; 
similar  results  were  obtained  for  other  samples. 

CONCLUSIONS 

In  conclusion,  we  have  measured  1/f  noise  in  discontinuous  Pt  films  in  the 
temperature  range  (90-200)K.  We  have  found  that  a  noise  peak  appearing  at  about 
133K  and  assigned  to  a  platinum  surface  phonon  energy  shifts  upward  when  residual 
gases  are  adsorbed  on  the  platinum  surface.  The  noise  showed  a  similar  behaviour  when 
hydrogen  was  leaked  into  the  high  vacuum  system.  This  infrared  shift  was  atributted  to 
a  phonon  hardening  effect  brought  about  by  adsorbate  which  bears  on  the  surface 
lattice  dynamics.  This  effect  could  be  a  possible  new  proof  of  the  surface  phonons 
participation  into  the  1/f  noise  generation. 
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HIGH-FREQUENCY  MOBILITY  -  NOISE  TEMPERATURE 


J.P.  NOUGIER,  L.  HLOU,  J.C.  VAISSIERE 
Centre  d'Electronique  de  Montpellier.  Universite  Montpellier  II,  34095  Montpellier  Cedex  5,  France. 

(Laboratoire  associe  au  CNRS,  UA  391) 

ABSTRACT 

The  purpose  of  that  paper  is  to  compute  the  noise  temperature  through  the 
Boltzmann  and  Einstein  equations.  Using  the  scattered  packet  method,  described  in  1, 
we  can  solve  the  Boltzmann  equation  and  compute  the  diffusion  coefficient  when  an 
electric  field  is  applied.  In  order  to  obtain  the  noise  temperature  it  is  then  necessary  to 
know  the  differential  (a.c.)  mobility  of  the  carriers.  At  low  frequency  we  can  calculate 
the  slope  of  the  velocity  field  characteristic  but  this  method  is  not  enough  accurate  at 
low  frequency  and  even  not  valid  at  all  at  high  frequency.  We  have  developed  a 
program  enabling  us  to  solve  the  small  signal  Boltzmann  equation  and  to  obtain  the 
a.c.  mobility. 


INTRODUCTION 

The  Boltzmann  equation  can  be  solved  in  transient  ^  and  steady  ^  state  with  a 
good  accuracy  but  for  small  signal  parameters  it  is  better  to  compute  directly  the 
differed  al  distribution  function  of  the  carriers. 

METHOD 

When  we  apply  a  small  sinusoidal  perturbation,  the  total  electric  field  is  given  by; 

E(t)  =  Eg  +  6E  expijQt) 

If  fs(k)  is  the  stationary  distribution  function  of  the  carriers  when  the  stationary 
electric  field  Eg  is  applied,  f(k,t)  solution  of  the  Boltzmann  equation  for  E(t)  writes: 

f(k,t)  =  fs(k)+  5f  exp(jcDt) 

6f  is  complex  and  depends  on  k  and  not  on  t. 

The  first  order  series  expansion  of  the  Boltzmann  equation  gives; 

jo  5f  +  (e  Eg  /  h)  Vk  6f  +  (e  6E  /h)  Vk  fg  =  C  6f 

C  is  the  collision  operator  and  fg  is  the  stationary  distribution  function  which  can 
be  computed  using  the  matrix  method 

This  set  of  two  equations  (one  for  the  real  part  and  one  for  the  imaginary  part)  is 
discretized  in  the  k-space  and  the  linear  system  of  2*600  equations  is  easily  solved. 
The  solution  gives  6f  which  is  the  perturbation  (at  frequency  v=o/(27t:))  of  the  hole 
distribution  function  around  its  stationary  value  fs(k). 
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The  a.c.  mobility  is  easily  obtained  as: 

|i’(Eg,(D)  =  (1/6E)  Jv(k)  <Sf(k,E5,^y)  dk 

RESULTS 

Results  are  obtained  on  p  type  silicon  at  300  K  using  a  single  non-parabolic  band 
model.  At  10  kV/cm  the  perturbation  of  the  distribution  function  6f  is  shown  in  Fig.  1 
(real  part)  and  Fig.  2  (imaginary  part)  at  a  frequency  v=5.10^  ^Hz.  Each  radial  curve 
gives  the  variation  of  5f  versus  k  at  a  given  value  of  the  angle  0  between  the  wave 
vector  k  and  the  electric  field  E.  The  value  used  for  5E  is  1  V/cm  and  the  results  are 
plotted  using  an  arbitrary  scale. 


Fig.  1  Fig.  2 

Real  part  of  the  perturbation  of  the  Imaginary  part  of  the  perturbation  of  the 

distribution  function.  p-Si,  Na-0,  distribution  function.  p-Si,  Na=0,  T=300K, 

T=300K,  E=10  kV/cm,  v=5.10^^Hz.  E^IO  kV/cm,  v=5.10^^Hz. 

The  real  part  of  the  mobility  obtained  for  two  doping  levels  is  plotted  Fig.  3  and 
Fig.  4  versus  frequency  for  five  electric  fields  between  0  and  50  kV/cm.  At  low  field 
the  longitudinal  differential  mobility  decreases  at  high  frequencies.  When  the  field  is 
high,  above  10  kV/cm  there  is  a  hump,  just  before  the  cut-off  frequency.  This  is  similar 
to  what  is  obtained  for  the  frequency  dependent  diffusion  coefficient. 
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Fig.  4 

Dynamic  mobility  versus  frequency 
Na=10^'^cm-^. 
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Using  the  frequency  and  electric  field  dependent  diffusion  coefficient  given  by 
the  scattered  packet  method,  the  noise  temperature  is  computed  by: 

kfi  Tn(Es,®)/q  =  D(Es,a))/n'(Es,®) 

Using  the  frequency  dependent  ohmic  temperature  we  can  compute  the  excess 
noise  temperature.  Results  are  plotted  Fig.  5  and  Fig.  6  for  two  doping  levels. 
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Fig.  5 

Excess  noise  versus  frequency. 
Na=0 
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Fig.  6 

Excess  noise  versus  frequency. 
Na=10^’7cm-^ 
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Figure  7  shows  that  there  is  a  good  agreement  between  excess  noise  experiments 
using  a  pulse  technique  ^  and  theoretical  values  given  by  this  method  for  p-type  silicon 
at  room  temperature  and  for  a  doping  level  N(|=2.5*10^4  cm"^- 

(Tn-  To)(K) 


Fig,  7 

Excess  noise  versus  electric  field 
for  holes  in  p-type  silicon. 

Full  curve:  present  method. 
Symbols  refers  to  experiments. 
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CONCLUSIONS 

The  frequency  dependent  dynamic  mobility  is  computed  using  the  perturbed 
distribution  function  6f(6E,k,Es,o)  around  its  stationary  value  fs(k,Es).  5f  is 
obtained  by  solving  the  small  signal  Boltzmann  equation.  The  excess  noise 
temperature  is  then  calculated  through  the  Einstein  relation.  Results  are  in  good 
agreement  with  "low"  frequency  (=  1  GHz)  noise  experiments. 
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ABSTRACT 

The  results  of  experimental  research  aimed  at  determining  the  role  of  mobile 
and  steady  defects  of  the  lattice  in  1//  noise  generation  in  thin  metal  films  are 
presented.  There  were  studied  technological  factors  and  external  effects  (thermal  and 
current  annealing,  natural  aging  and  7  irradiation)  which  influence  concentration  of 
microdefects  and  the  noise.  Both  equilibrium  and  nonlinear  resistance  fluctuations  at 
high  current  density  were  investigated.  The  obtained  results  demonstrate  that  1 //’noise 
in  metal  films  is  caused  by  mobile  defects. 

The  purpose  of  our  experimental  research  was  to  clear  up  the  role  of  mobile 
and  steady  defects  in  1// noise  generation  in  thin  metal  films.  There  was  studied  the 
dependence  of  noise  characteristics  on  different  technological  factors  and  on  external 
effects  (thermal  and  current  annealing,  natural  aging  and  7  -  quantum  irradiation) 
which  affect  concentration  of  microdefects.  Al,  Mo,  Nb  and  Cr  films  10  nm  -  1 
thick  were  investigated.  The  main  experimental  results  are  given  below. 

As  a  rule  low  noise  level  corresponding  to  the  Hooge  parameter  value  a  « 10'^ 
was  observed  in  films  with  low  concentration  of  defects.  The  resistivity  of  such  films 
was  close  to  that  of  bulk  pure  metal.  On  the  other  hand  films  with  high  concentration 
of  steady  defects  (high  values  of  resistivity  p  in  comparison  with  resistivity  of  bulk 
metal  po)  ^Iso  revealed  low  noise  level  (a  « 10'^. . .  10'^).  It  is  illustrated  in  Fig.  1  where 
noise  level  vs  current  density  experimental  curve  for  Cr  film  with  high  concentration 
of  defects  (p/po»10)  is  presented  and  compared  to  the  curve  calculated  from  the 
Hooge  relation^  (q:»10'^). 

Noise  reduction  was  also  observed  in  alloys.  For  example  the  noise  level  of 
Al+Si  films  with  1  atomic  percent  of  Si  (a»  Ifl^)  was  significantly  lower  than  that 
of  pure  Al  films  (a  « 10'^)  when  they  were  evaporated  under  the  same  technological 
conditions  and  the  resistivity  values  of  both  the  samples  were  approximately  equal 
(within  10%).  The  noise  reduction  in  Al+Si  films  is  explain^  by  low  vacancy 
concentration  at  the  grain  boundaries  achieved  when  Si  atoms  occupy  the  vacant 
lattice  sites  of  Al. 

Another  feature  of  imperfect  films  is  that  at  sufficiently  large  current  density 
j  the  noise  level  increase  (—/)  deviates  from  the  f  law  obtained  when  resistivity 
fluctuations  are  independent  of  the  current  (equilibrium  resistance  fluctuations).  As 
it  is  shown  in  Fig.  1  some  samples  did  not  reveal  ordinary  /  dependence  at  all.  Noise 
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measurements  of  films  with  various  thickness  imply  that  these  nonlinear  resistivity 
fluctuations  prevail  over  equilibrium  resistivity  fluctuations  when  dc  current  probing 
the  sample  heats  the  film  up  to  some  definite  temperature.  Above  this  temperature 
additional  mobile  defects  are  generated  in  the  lattice  and  hence  the  1//  noise 
increases.  The  nonlinear  resistivity  fluctuations  were  exhibited  more  explicitly  in 
thick  films  because  of  heat  removal  worsening. 


Fig.l.  Noise  power  (S)  vs  current 
density  (/)  for  Cr  film  with  high 
defects  concentration.  1 -total  noise,  2- 
thermal  noise  level,  3-thermal  noise 
subtracted,  4-Hooge’s  relation. 


Fig. 2.  Relative  noise  power  vs 

temperature  (7)  for  Cr  film  1 -thermal 
heating  in  an  oven,  2-current  heating. 


In  Fig. 2  the  effects  of  thermal  heating  in  an  oven  and  heating  by  the  current 
on  the  noise  level  are  presented  (the  temperature  of  current  heating  was  estimated 
from  the  measured  film  resistance  function  of  temperature).  The  curves  are  the  same 
but  for  the  earlier  noise  increase  in  case  of  current  heating.  This  is  explained  by  the 
appearance  of  local  overheated  areas  of  the  film  due  to  nonuniform  distribution  of 
steady  defects  causing  nonuniform  resistivity  and  current  distributions  in  the  film. 
That  is  why  in  case  of  current  heating  the  local  temperature  at  which  additional 
mobile  defects  are  generated  is  achieved  at  lower  average  temperature  of  the  film  in 
comparison  with  the  case  of  thermal  heating. 

The  activation  type  dependence  of  noise  on  temperature  with  the  activation 
energy  E^QA  ...  0.4  eV  was  observed  in  films  with  high  concentration  of  mobile 
defects.  These  E  values  correspond  to  the  energy  which  is  required  for  a  vacancy 
creation  when  1-2  lattice  bonds  are  split.  The  noise  function  of  temperature  registered 
in  films  with  high  concentration  of  steady  defects  was  significantly  weaker. 
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Fig. 3.  Time  evolution  of  noise  power 
(5)  and  relative  resistance  deviation 
(AR/R)  for  Al  film. 
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Fig. 4.  Relative  noise  power  {S^IR^)  vs 
current  density  (/)  for  Nb  film  1- 
initial,  2-after  irradiation,  3-after 
current  annealing. 


As  a  result  of  natural  aging,  thermal  and  current  annealing  noise  reduction 
caused  by  annealing  of  defects  was  observed.  The  time  evolution  of  noise  and 
resistance  of  Al  film  after  the  end  of  condensation  is  shown  in  Fig. 3.  These  samples 
had  strongly  non-equilibrium  structure  and  high  Iff  noise  level.  There  was 
exponential  decline  of  the  noise  level  that  is  characteristic  of  microdefects  annealing 
by  diffusion  process.  It  must  be  noted  that  the  noise  level  relaxation  to  the  stationary 
value  is  shorter  than  the  relaxation  of  the  resistance.  It  demonstrates  that  relaxation 
time  of  microdefects  contributing  to  the  1// noise  is  smaller  than  that  of  defects 
contributing  to  the  resistance.  With  the  increase  of  film  thickness  and  average  grain 
size  the  increase  of  the  relaxation  time  was  observed. 

Thermal  annealing  of  samples  was  performed  at  temperatures  exceeding  the 
temperature  of  film  condensation.  During  a  few  thermocycles  consisting  of  film 
heating  and  slowly  cooling  to  the  room  temperature  the  unreversable  decrease  of 
noise  and  resistance  to  some  stationary  levels  was  observed  and  further  annealing  did 
not  lead  to  noise  reduction.  But  the  increase  of  annealing  temperature  resumed  the 
decrease  of  noise  and  resistance.  This  result  can  be  explained  by  the  assumption  that 
there  are  microdefects  with  various  activation  energies  and  hence  the  defects  with 
high  activation  energy  are  annealed  only  at  sufficiently  high  temperature. 

Analogous  unreversable  exponential  decrease  of  noise  and  resistance  with  time 


64  I// Noise  in  Thin  Metal  Films 


was  observed  when  films  with  high  defects  concentration  were  heated  by  dc  current 
applied  to  a  sample  and  its  value  exceeded  some  threshold  value  (current  annealing). 
During  the  current  annealing  some  Cr  films  revealed  complex  relaxation  composed 
of  two  processes  having  different  relaxation  time  constants.  It  is  interesting  to  note 
that  the  noise  function  of  temperature  for  such  films  also  consisted  of  two  regions 
with  different  activation  energies.  Finally  it  must  be  emphasized  that  in  all  cases  of 
thermal  and  current  annealing  of  defects  the  decrease  of  noise  (orders  of  magnitude) 
was  sufficiently  larger  than  that  of  resistance  (several  percent). 

Fig. 4  displays  the  effect  of  7  irradiation  on  1// noise  of  Nb  films.  The  noise 
level  increased  because  additional  lattice  defects  were  introduced  as  a  result  of 
irradiation.  When  the  samples  were  annealed  by  dc  current  the  noise  decreased  down 
to  approximately  initial  level.  Analogous  effect  was  observed  when  Cu  films  were 
irradiated  and  annealed^. 

It  should  be  noted  that  the  noise  variation  after  irradiation  and  annealing  was 
much  more  explicit  in  the  region  of  nonlinear  resistance  fluctuations  compared  to  the 
variation  of  equilibrium  resistance  fluctuations.  This  is  explained  by  the  fact  that  at 
high  current  density  local  overheating  occur  at  steady  defects  and  additional  mobile 
defects  are  generated  in  overheated  areas.  Although  steady  defects  themselves  can  not 
produce  resistivity  fluctuations  they  influence  the  noise  level  in  the  region  of 
nonlinear  fluctuations.  Hence  the  variation  of  steady  defects  concentration  of  the 
sample  is  revealed  at  high  current  density.  Because  of  the  same  reason  films  with 
approximately  equal  noise  level  at  small  current  had  different  level  of  nonlinear 
fluctuations. 


CONCLUSION 

Our  results  demonstrate  that  1// noise  in  metal  films  is  caused  by  mobile 
defects  (mainly  by  the  vacancies)  giving  rise  to  resistivity  fluctuations  and  that  the 
noise  level  is  determined  by  quasi-equilibrium  concentration  of  mobile  defects.  This 
concentration  is  controlled  by  defects  sources  and  sinks  in  the  film  and  depends  on 
the  film  microstructure,  in  particular  on  the  average  grain  size.  The  external  effects 
increasing  (7  irradiation)  or  decreasing  (annealing)  mobile  defects  concentration  lead 
accordingly  to  increase  or  decrease  of  the  1// noise. 
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ABSTRACT 

In  this  contribution  we  report  on  our  recent  experimental  results  of  1/f  noise  in 
electron  and  proton  irradiated  n-GaAs.  Two  branches  were  found  in  plots  of  Ino? 
versus  1/T,  which  corresponded  to  two  different  noise  mechanisms. 

INTRODUCTION 

It  has  been  demonstrated  that  an  empirical  relation  ’  is  successful  in  describing 
the  1/f  noise  in  homogeneous  semiconductors  and  metals.  This  relation  relates  the 
relative  1/f  noise  power  density  SJR^  of  the  fluctuations  in  the  resistance  R  to  the 
total  number  of  free  charge  carriers  N  in  the  sample: 

=  JL  (1) 

fN 

a  is  often  called  the  1/f  noise  parameter.  For  semiconductors,  a  was  found  to  be 
scattering  in  a  wide  rage  of  10'^- 10'^,  depending  on  the  quality  of  crystal  latticed  In 
order  to  obtain  a  better  understanding  of  the  quality  dependence  of  a,  we  have 
studied  high-quality  n-GaAs  grown  by  molecular  beam  epitaxy  (MBE).  Two  different 
temperature  dependences  of  a  were  found  These  dependences  cannot  be  explained 
by  the  Dutta-Dimon-Horn  modeU.  In  this  contribution  we  will  show  that  the  two 
different  temperature  dependences  of  a  in  epitaxial  n-GaAs  are  caused  by  two 
different  noise  mechanisms. 

EXPERIMENTAL  TECHNIQUE 

Epitaxial  n-GaAs  doped  with  Si  (~2xl0^^cm-^)  was  grown  by  a  VARIAN  MOD 
3"  molecular  beam  epitaxy  (MBE)  system.  The  thickness  of  the  epitaxial  layers  was 
3.2fim.  Hall  bar  structures  with  six  side  contacts  were  prepared  using  conventional 
photolithography  and  wet-etching  procedures.  The  samples  were  irradiated  with  3 
MeV  electrons  (e)  and  with  3  MeV  protons  (H^).  In  this  way,  point  lattice  defects 
and  clusters  of  lattice  defects®  were  introduced  by  e'  and  irradiation,  respectively. 
The  penetration  depth  for  3  MeV  electrons  is  quite  large,  about  several  mm.  The 
projected  range  Rp  and  the  straggling  ARp  for  3  MeV  protons®  are  estimated  to  be 
about  50 [im  and  1/xm,  respectively.  Consequently,  the  protons  were  stopped  deep  in 
the  substrate.  In  view  of  the  thickness  of  our  epitaxial  layers,  the  defect  production 
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can  thus  be  regarded  to  be  homogeneous  in  the  epitaxial  layers. 

RESULTS  AND  DISCUSSION 

Excess  resistance  noise  was  measured  both  before  and  after  irradiations.  The 
noise  was  measured  as  a  function  of  the  irradiation  dose  and  temperature  between  77 
and  300  K  in  a  frequency  range  of  1  Hz  to  20  kHz.  Several  bias  voltages  were 
applied  in  order  to  check  whether  the  measured  noise  stemmed  from  resistivity 
fluctuations.  The  results  always  showed  a  quadratic  dependence  of  the  noise  on  the 
bias  voltage.  Before  the  H  ' -irradiation,  all  noise  spectra  had  a  good  1/f  shape  at  all 
temperatures.  After  the  H  '  -irradiation,  in  addition  to  the  1/f  noise  and  thermal  noise, 
some  generation-recombination  noise  was  observed  in  both  the  e  -  and  H ^-irradiated 
samples.  Here  we  shall  consider  the  1/f  noise  only. 

For  the  e  -irradiated  samples,  it  was  found  that  oi  and  its  temperature  dependence 
were  little  affected  by  the  irradiation  despite  of  a  significant  change  in  the  sample 
resistivity.  However,  the  results  for  H ' -irradiation  were  quite  different.  Fig.  1  shows 
a,  the  1/f  noise  parameter,  as  a  function  of  inverse  temperature.  The  a-values  were 
evaluated  at  1  Hz  from  NSy/V^,  where  N  is  the  number  of  charge  carriers  as 
determined  from  the  Hall  effect,  Sy  is  the  voltage  spectral  power  density  and  V  is  the 
bias  voltage.  After  irradiation,  the  striking  result  is  that  at  high  temperatures  where 
a  is  strongly  temperature  dependent,  the  1/f  noise  is  not  affected  by  the  proton 
irradiation.  While  at  low  temperatures,  where  a  is  weakly  dependent  on  temperature, 
a  increases  with  the  irradiation  doses.  In  Fig.  2,  we  plot  the  a- values  at  78K 
(representing  the  temperature- independent  branch  of  a)  and  a-values  at  300  K 
(representing  the  temperature  dependent  branch  of  o')  versus  the  irradiation  dose  </>. 
Fig.  2  shows  that  ce-values  at  78  K  are  almost  linearly  proportional  to  cf)  while  a- 
values  at  300  K  are  almost  independent  of  </>. 

The  noise  data  in  Fig.  1  clearly  reveal  that  the  two  branches  of  the  temperature 
dependence  of  a  correspond  to  two  different  noise  mechanisms:  at  the  high 
temperatures,  the  1/f  noise  seems  to  be  dominated  by  an  unknown  source  of  an 
intrinsic  origin,  while  at  low  temperatures  the  noise  is  obviously  dominated  by  an 
extrinsic  noise  source  induced  by  the  H^ -irradiation.  To  test  this  conclusion,  we  have 
examined  the  relation  between  the  temperature  dependence  of  the  noise  spectral 
density  Sv(f,T)  and  the  slope  of  the  spectra  y(T).  According  to  Dutta-Dimon-Horn 
model  ^ 


y(7}  =  1 


1 

'dlnSJ,f,T) 

ln(27E/Vo) 

dfnT 

(2) 


The  directly  measured  values  of  y  for  the  samples  of  a  dose  l.SxlO'^HVcm^  using 
the  least  square  fit  to  the  spectra  Sy  at  the  low  frequencies  where  no  obvious  "knees" 
or  "bendings"  appear,  are  plotted  in  Fig.  3  as  a  function  of  inverse  temperature.  The 
values  of  y  calculated  from  eq.  2  at  different  temperatures,  using  the  spline  fit  to 
o'(T)  and  to^IO  '^s,  are  also  shown  in  Fig.  3.  It  can  be  seen  that  the  general  pattern 
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of  calculated  y(T)  follows  that  of  the  experimental  data,  except  near  room 
temperature.  The  disagreement  between  the  trend  of  calculated  and  experimental  y(T) 
near  room  temperature  is  a  good  indication  of  the  domination  of  the  intrinsic  noise 
source  at  high  temperatures. 

Considering  difference  in  defect  types  induced  by  the  e  -  and  -irradiations,  the 
results  for  the  extrinsic  1/f  noise  source  are  clearly  consistent  with  the  "local- 
interference"  modeC  *  due  to  defect  motion.  The  result  a  ^  shown  in  Fig.  2, 
indicates  that  the  moving  defects  are  associated  with  the  clusters,  since  the  number 
of  clusters  is  expected  to  be  directly  proportional  to  <^.  Here,  we  have  implied  that 
also  the  extrinsic  source  in  n-GaAs  is  due  to  mobility  fluctuations.  In  order  to  check 
this,  we  have  studied  the  extrinsic  1/f  noise  in  samples  with  different  original  doping 
under  a  fixed  proton  dose  of  about  1 .9x10'^  H^/cm^.  The  argument  for  mobility  fluc¬ 
tuations  is  simple.  If  there  are  two  different  scattering  mechanisms,  Matthiessen’s 
rule  gives 

1  =  ^  (3) 

Then,  if  the  1/f  noise  stems  from  one  scattering  mechanism  only,  one  will  find'*  that 
a  «  f/.  The  experimental  results  presented  in  Fig.  4  prove  this  trend  indeed. 

CONCLUSIONS 

In  conclusion,  we  have  shown  that  the  two  different  temperature  dependences  of 
a  in  epitaxial  n-GaAs  correspond  to  two  different  noise  mechanisms:  intrinsic  and 
extrinsic  noise  sources.  The  "local-interference"  model  is  very  likely  the  mechanism 
of  the  extrinsic  noise  source. 

This  work  has  been  supported  by  the  research  programme  of  the  "Stichting  voor 
Fundamenteel  Onderzoek  der  Materie"  (FOM). 
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Fig.  I  a  as  a  funaion  of  inverse 
temperature.  The  doses  are 
given  at  the  horizontal  pans. 


Fig.  2  a- values  at  300  K  and  78  K  as  a 
function  of  the  doses  4>.  The  solid 
line  is  the  best  fit  to  the  data  at 
78  K.  The  broken  line  represents 
dose-independent  ct-values  at 
300  K.  Obviously,  the  relatively 
higher  a-values  at  300  K  of  the 
samples  with  the  two  highest  doses 
are  caused  by  the  contribution  from 
the  extrinsic  Iff  noise  source. 
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Fig.  3  Y  tis  ^  function  of  inverse 
temperature  for  the  samples 
with  a  dose  l.5x!(ffm  \  The 
solid  circles  are  the  experi¬ 
mental  data  and  the  open  circles 
connected  by  the  solid  lines  are 
the  results  calculated  from  eq.  (2). 


Fig.  4  a  of  the  extrinsic  Ilf  noise  versus 
at  78  K.  The  solid  line  indicates  a 
quadratic  dependence. 
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ABSTRACT 


Current  noise  properties  of  intrinsic  a-Si:H  samples,  prepared 
at  various  substrate  temperatures  (T  ),  were  investigated  and  their 

^  o 

noise  power  spectra  were  found  to  exhibit  1/f  frequency  dependence 

(0.8<^<1.2)  in  low  frequency  region  (10  ^-5  Hz)  at  room  temperature. 
The  absolute  noise  power  was  found  to  increase  with  increasing  T^, 

and  its  variation  on  DC  current  was  found  to  show  power  law 
dependence  with  exponents  over  1.6. 

INTRODUCTION 

However  the  lack  of  general  consensus  in  the  origin  of  1/f 
1  2 

fluctuations  '  increases  the  need  for  systematic  experimental 
investigations,  the  experimental  data  are  insufficient  even  in  the 
most  promising  amorphous  material:  viz.  amorphous  silicon 

(a-Si:H)^’\ 

In  this  paper  we  should  like  to  report  the  preliminary  results 
of  conductivity  noise  measurements  carried  out  on  a-Si:H  films. 

EXPERIMENTS 

Current  fluctuations  were  studied  in  intrinsic  a-Si:H  films 
deposited  from  pure  silane  by  the  glow  discharge  method  at  different 
substrate  temperatures.  Sandwich-type  specimens  with  NiCr  electrodes 
were  used.  All  measurements  were  performed  at  300  K  in  vacuum,  the 
computer  controlled  sample  temperature  regulator  made  access  also  to 
rather  low  frequencies. 


RESULTS  AND  DISCUSSION 

Measurements  were  carried  out  on  sandwich  type  (NiCr-i-NiCr ) 
sample.  Metal— semiconductor  interface  showed  better  ohmic  behaviour 
for  samples  deposited  below  T  200  C.  Attempts  to  obtain  better 

s 

ohmic  behaviour  by  heat  treatment  or  by  using  n  -i-n  sample 
structure,  specially  for  samples  deposited  at  higher  T^,  have  not 

been  successful.  The  current  noise  measurements  were  performed  in 
the  voltage  range,  in  which  the  deviation  from  Ohmic  behaviour 
seemed  to  be  negligible. 
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In  Fig.  1  we  show  a  power  spectrum,  the  slope  of  the  fitted 
line  is  very  close  to  -1.  The  power  spectra  measured  in  samples  of 

different  deposition  temperatures  show  1/f^  dependence  with 
0.8  <  (B  <  1.2,  and  no  systematic  variation  of  the  exponent  with 


The  variation  of  noise  intensity  with  DC  current  was  also 
investigated  for  samples  with  different  T  (Fig.  2).  To  determine 

S 

noise  intensity  we  used  the  results  of  the  same  line  fitting,  which 
was  used  also  to  determine  the  (3  exponent.  The  value  of  this 
straight  line  function  at  1  Hz  frequency  was  used  as  a  measure  of 
the  intensity  of  the  given  spectrum.  The  DC  current  dependence  of 

these  noise  intensity  values  follows  the  power-law  S  (1  Hz)  ^ 

I  DC 

which  gives  a  straight  line  on  a  log-log  plot,  as  can  be  seen  in 
Fig.  2.  The  samples  have  different  slopes  (1.6  <  a  <  6.2)  depending 
on  the  deposition  temperature.  It  can  also  be  seen  from  Fig.  2  that 
there  is  tendency  not  only  for  exponent  a  to  increase  with 
increasing  substrate  temperature,  but  also  the  noise  intensity.  The 
dashed  line  in  Fig.  2  represents  a  =  2,  which  would  correspond  to 

the  empirical  Hooge  law  .  The  main  results  of  our  experiments  are 
the  following: 

i.  in  the  range  of  10  ^  -  10  Hz  a  1/f^-type  current  noise 
(0.8  <  ^  <  1.2)  can  be  detected  in  intrinsic  a-Si:H  films  at  room 
temperature. 

ii.  the  noise  intensity  increases  with  increasing  deposition 
temperature,  but  the  1/f  character  remains  unchanged. 
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iii.  in  each  sample  the  intensity  of  the  1/f  noise  increased 

with  increasing  DC  current,  going  through  the  sample  as  ~ 

where  1.6  <  a  <  6.2 

iv.  higher  a  values  and  higher  variances  were  found  for  samples 
prepared  at  higher  deposition  temperature. 

To  interpret  these  results  we  proposed  a  general  model  for 

current  noise^,  which  would  be  applicable  both  for  a-Si:H  and  for 
the  other  amorphous  materials.  The  structure  of  amorphous  materials 

7 

can  be  built  up  from  clusters  of  lognormal  size  distribution  and 
the  electrons  are  localized  on  these.  The  electronic  conductivity  of 
such  cluster  systems  shows  a  percolation  feature:  one  dimensional 
conducting  lines  are  formed  by  a  continuous  series  of  conducting 
junctions,  which  may  be  branching.  Inter-cluster  conductivity  rises 
or  falls  as  a  consequence  of  the  atomic  rearrangement  of  the 
clusters  and  this  process  creates  the  fluctuation.  A  hierarchy  can 
be  supposed  for  these  Junctions,  caused  by  the  branching  structure 
of  the  conducting  lines.  The  1/f  frequency  dependence  is  a 

consequence  of  the  structure  of  this  hierarchy^. 

The  existence  of  clusters  in  a-Si:H  films  is  based  on 

8  9 

experimental  evidence  from  SEM  micrographs  and  EBIC  measurements  . 
It  is  reasonable  to  suppose  that  the  cluster  sizes  change  when 
substrate  temperature  is  varied:  at  lower  T  smaller  clusters  are 

s 

expected;  higher  T  is  expected  to  prefer  larger  clusters. 

s 

In  the  case  of  smaller  cluster-size  we  expect  a  larger  number 
of  such  independent  hierarchical  tree-like  structures,  which  are 
coupled  parallel  between  the  electrodes  in  the  case  of  the  sandwich 
structure.  The  contribution  of  these  trees  to  the  conductivity  is 
additional,  so  their  statistics  follows  normal  (Gaussian) 

distribution  (the  non-Gaussian  behaviour  within  the  tree^°  remains 
unchanged).  The  amplitude  of  the  1/f  fluctuation  is  expected  to 
decrease  by  the  inverse  square  root  of  the  number  of  trees.  Thus, 
the  intensity  of  the  1/f  current  noise  becomes  smaller  in  the  low  T 

s 

samples,  where  the  clusters  should  be  smaller;  this  finding  is  in 
qualitative  agreement  with  our  experimental  observation. 

The  noise  intensity  dependence  on  DC  current  would  be  quadratic 
if  noise  were  to  be  caused  by  resistance  fluctuations  (Ohm’s  law  is 
valid).  Deviation  from  this  behaviour  reflects  slight  or  strong 
non-linearity  in  the  resistance.  Although  our  measurements  were 
performed  in  the  Ohmic  range  of  applied  biases,  the  exponents 
observed  differ  from  a  =  2.  The  values  of  a  <  2  ,  which  were 
measured  in  a-Si:H  samples  of  T  <  200  °C,  were  observed  by  Main  and 

S 

Owen  in  vitreous  semiconductors.  This  behaviour  of  amorphous 
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materials  is,  in  our  opinion,  very  likely  the  consequence  of  their 
structure,  which  is  built  up  from  clusters  of  different  conductance 
which  results  in  current  inhomogeneity  throughout  the  sample. 

The  steeper  increasing  noise  intensity  with  DC  current  in 
samples  of  T  >  200  C  may  be  the  consequence  of  extra  noise 

generated  by  space-charge  breakdown  at  the  metal-semiconductor 
interface.  The  behaviour  of  this  interface  strongly  depends  on  deep 

12 

defect  states  localized  in  the  gap  ,  hence  the  properties  of  the 
same  metallic  contact  vary  with  the  structure  of  a-Si:H  films.  The 
I-V  characteristics  show  the  weakly  Ohmic  behaviour  of  the 

interface,  though  it  should  be  noted  that  the  difference  between  I-V 
characteristics  of  samples  deposited  at  various  temperatures  is  not 
so  large  as  to  give  the  reason  for  the  observed  deviations  of  noise 
intensity  dependence  on  DC  current. 
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NOISE  OBTAINED  FROM  THE  SCATTERED  PACKET  METHOD 


J.C.  VAISSIERE,  L.  HLOU,  J.P.  NOUGIER 
Centre  d'Electronique  de  Montpellier.  Universite  Montpellier  II,  34095  Montpellier  Cedex  5,  France 

A.  ACHACHI 

L.G.E.O.  Faculte  des  Sciences  de  Kenitra,  Maroc 

ABSTRACT 

A  numerical  method  is  developed  for  solving  the  transient  Boltzmann  equation. 
The  scattered  packet  method  (SPM)  gives  the  carrier  distribution  function  when  an 
electric  field  is  applied.  Using  that  method  we  can  also  follow  the  evolution  and  the 
spreading  in  the  k-space  of  a  packet  of  carriers,  due  to  the  field  and  the  collisions  with 
the  lattice  and  ionized  impurities.  The  current  correlation  function  and  the  diffusion 
coefficient  can  then  be  computed  in  a  simple  way. 


SCATTERED  PACKET  METHOD 

We  discretize  the  k-space.  The  number  n(k)  of  carriers  inside  each  mesh  is  then 
computed  at  thermal  equilibrium  and  allocated  to  the  central  point  k  of  the  mesh.  We 
can  compute  numerically  the  probability  for  a  carrier  initially  in  a  mesh  k  at  time  t  to  be 
in  an  other  mesh  k’  at  time  t+dt.  For  this,  we  assume  that  the  packet  of  carriers  initially 
in  the  state  k  undergoes  a  free  flight  during  dt.  At  the  end  of  the  flight  the  packet  is 
scattered  and  distributed  in  all  the  meshes  of  the  k-space.  The  probabilities  are 
calculated  for  each  mesh  and  placed  in  a  matrix  B  allowing  us  to  compute  n(k,t+dt)  in 
each  mesh  if  n(k,t)  is  known. 


n(k,  t  +  dt)  =  B  *  n(k,  t) 

The  resulting  algorithm  (similar  to  the  lattice-gas  cellular-automaton  method  ^ )  is 
physically  equivalent  to  the  ensemble  Monte  Carlo  method. 

CORRELATION  AND  DIFFUSION 

A  single  packet  initially  in  one  mesh  centered  in  k  at  time  t  is  distributed  over  all 
the  meshes  (over  all  the  k'  states)  at  time  t+dt  by  the  matrix  product  of  B  by  the  initial 
distribution,  and  then  at  time  t+2*dt  by  an  other  matrix  multiplication  and  so  on.  Using 
that  method  we  can  follow,  for  each  initial  packet,  its  evolution  and  spreading  in  the  k- 
space  due  to  the  field  and  the  collisions  with  the  lattice  and  ionized  impurities.  The 
current  correlation  function  and  the  diffusion  coefficient  are  then  computed  in  a  simple 
way. 
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At  time  t=0  the  number  of  carriers  in  the  state  kL  is  nL  chosen  equal  to  the  steady 
state  value  of  the  number  of  carriers  in  this  state.  At  time  t^^O  the  number  of  carriers  in 
the  state  (coming  from  the  state  k^  at  time  t=0)  is  nLM-  The  longitudinal 
correlation  function  is  then: 

C(t)  =  [%m0)  (VL(O)-Vd)  (vM(t)-Vd)] 

where  q  is  the  electron  charge,  v<j,  vl  and  are  the  projections  along  the 
electric  field  of  the  drift  velocity  and  the  carrier  velocities  in  states  L  and  M. 

RESULTS 


The  material  chosen  for  that  study  is  p-type  silicon  at  room  temperature.  As 
concerns  the  scattering  mechanisms,  our  study  included  acoustic  deformation-potential, 
optical  and  impurity  scattering.  The  valence  band  taken  for  p-Si  is  a  non  parabolic, 
spherical  single  band  model.  Using  the  number  n(k,  t)  of  carriers  in  each  mesh  k  at  time 
t  we  can  obtain  the  transient  distribution  function  of  the  carriers.  Figure  1  shows  a 
comparison  between  the  steady  state  distribution  function  given  by  this  method  and  the 
"exact  solution"  of  the  Boltzmann  equation 

Figure  2  shows  the  centred  correlation  function  of  the  current  densities  obtained 
at  different  electric  fields. 
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Stationary  distribution  function  along  the  field. 
The  full  and  dashed  curves  represent  SPM  and 
matrix  results. 
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Longitudinal  correlation  versus  time. 

Na=0 


The  diffusion  coefficient  (or  the  current  spectral  density)  is  given  by  the  Fourier 
transform  of  the  correlation  function; 

2 

D(E,v)  =  -9-|''c(t)  cos(27tvt)  dt 
n  *l0 
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The  diffusion  coefficients  computed 
versus  frequency  are  plotted  at  different 
electric  fields  on  figure  3.  The  longitudinal 
diffusion  coefficient  exhibits,  just  below  the 
cut-off  fi*equency,  a  bump,  the  amplitude  of 
which  increases  with  increasing  field,  when 
the  velocity  correlation  function  is  negative 
3,4,5. 

Using  the  same  band  structure  model 
we  compare  Monte  Carlo  and  SPM  results 
on  figure  4  and  5.  We  can  see  that  the 
agreement  is  good  between  the  two 
methods  at  300K  and  77K. 


D//  {cm^  /s) 


Fig  5 

-  Scattered  Packet  Method 

****  Monte  Carlo 


D//  (cm^  /s) 


Longitudinal  diffusion  coefficient  versus 
frequency.  Na=0 


D//  (cm^  /s) 


Fig  6 

- Scattered  Packet  Method 

****  Monte  Carlo 


Using  the  frequency  dependent  diffusion  coefficient  and  the  mobility  given  in  we 
can  compute  the  noise  temperature  through  the  Einstein  relation.  Comparisons  with 
experimental  data  given  by  pulsed  noise  measurements  on  p-Si  are  given  figure  7.  We 
can  see  that  the  agreement  is  good. 
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Fig.  7 

Excess  noise  temperature  versus  electric  field 
for  holes  in  p-type  silicon. 

Full  curve:  present  method. 

Symbols  refers  to  pulsed  noise  experiments. 


(h-  To)(K) 


E(kV/cm)— > 


CONCLUSIONS 

Using  the  scattered  packet  method,  we  can  solve  the  Boltzmann  equation.  We  have  also 
the  possibility  to  follow  the  spreading  in  the  k-space  of  a  packet  of  carriers  initially  in  a 
state  k.  The  SPM  method  is  equivalent  to  use  an  ensemble  Monte  Carlo  simulation  with 
an  infinite  number  of  carriers  in  the  same  initial  state  k,  the  difference  being  that  the 
scattered  carriers  are  located  at  the  nodes  of  the  mesh  instead  of  at  any  point  in  k  space. 
Changing  the  number  of  carriers  and  the  initial  state,  with  respect  to  the  stationary 
distribution  function,  we  can  get  the  correlation  function  and  the  difihision  coefficient. 
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CARRIER  SPREADING  AND  DIFFUSION  COEFFICIENT 

IN  n-Si. 

J.C.  VAISSIERE,  O.  CHAPELON,  L.  HLOU,  J.P.  NOUGIER,  D.  GASQUET 
Centre  d'Electronique  de  Montpellier  (Laboratoire  associe  au  CNRS,  UA  391) 
Universite  Montpellier  II,  34095  Montpellier  Cedex  5,  France. 

ABSTRACT 

We  have  solved  the  transient  {k}  and  space  dependent  Boltzmann  equation  in  n- 
type  silicon.  The  transient  distribution  function  f(k,z,t)  is  obtained  in  the  k  space  and 
along  the  direction  of  the  applied  electric  field  (along  the  z  axis).  The  material  is 
assumed  to  be  homogeneous  so  that  the  Poisson  equation  is  not  taken  into  account. 
Hence  we  can  follow  the  spreading  of  a  packet  of  carriers  initially  located  around  z=0. 
By  a  simple  integration  over  the  whole  k  space  we  obtain  f(z,t),  v(z,t)  and  s(z,t).  The 
longitudinal  diffusion  coefficient  is  computed  using  the  slope  of  the  variance  of  the 
carriers'  positions. 


INTRODUCTION 

The  knowledge  of  the  diffusion  coefficient  is  important  for  device  simulation. 
However,  only  few  experimental  data  are  available  in  the  literature.  Some  values  ^ 
have  been  obtained  using  either  time  of  flight  measurements  (related  to  the  spreading 
of  a  packet  of  carriers)  on  lightly  doped  materials,  or  thermoelectric  microwave 
technique  or  noise  measurement's  (using  a  pulse  technique  ^). 

In  the  present  simulation  we  select  some  carriers  initially  located  around  z=0.  It 
is  equivalent  to  paint  them  in  red  color  (or  any  other  color)  and  to  follow  their 
spreading  in  the  k-space  and  along  the  z  axis.  The  material  is  assumed  to  be 
homogeneous  so  that  the  electric  field  is  constant  and  the  Poisson  equation  not 
needed.  The  total  number  of  carriers  in  each  mesh  is  constant  but  the  number  of  the 
selected  (red)  carriers  in  each  mesh  is  never  constant.  When  the  global  system  is 
stationary  the  red  system  is  always  in  transient  regime  due  to  the  spreading  of  the 
carriers  in  the  phase  space. 

At  time  t<0  the  electric  field  is  null,  the  red  distribution  is  at  thermal  equilibrium 
in  the  k-space.  At  time  t=0  the  electric  field  is  applied  and  all  the  quantities  defined 
hereafter  are  related  only  to  the  red  carriers,  which  are  chosen  at  t=0  according  to  a 
gaussian  distribution  along  z  centred  at  z=0. 

The  material  used  is  n-type  silicon  at  T=300K.  The  microscopic  model  consists 
of  six  ellipsoidal  non  parabolic  bands.  Parameters  are  taken  from 
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DISTRIBUTION  FUNCTION 

Using  the  transient  distribution  function  fj(k,  z,  t)  the  distribution  f(z,  t)  along 
the  electric  field  is  defined  as; 


=  E?=i 

.  f(z,  t)  (a.u.) 


z  (/im) 

Fig.  1 

Spreading  of  a  packet  of  carriers  along  z  at 
fixed  times  in  n-Si. 

Na=2.75  'r=^nnir  s’=c 


T=300K,  E=5  kV/cm. 


where  the  subscript  i  is  related  to  cold  o,4| - - 

(i^l)  and  hot  (i^-2)  groups  of  valleys. 

-  I  =  0  ps  T  -  300  K 

On  figure  1  we  can  see  that  the  ^.3-  ____  ,__02ps  E(ioo)-5KV/cm 

packet  is  drifted  by  the  field  and  spreads  '  No--  2  75]0’'^cm'^ 

due  both  to  the  field  and  to  the  scattering  o.2  i  "  1  ps 

mechanisms.  We  can  see  that  some  .  t  -  3  ps 

electrons  are  going  in  the  direction  of  the  /p 

field  (E=5kV/cm)  while  the  majority  of  .  y  |  \ 

them  are  going  in  the  opposite  direction.  •  /  j  \ 

This  is  better  shown  on  figure  2  on  0^ . •  ♦ . »  »  ■' 

which  we  have  plotted  the  mean  velocity  ^  ^ 

of  the  carriers  versus  z  at  fixed  times.  F’  1  ^ 

Velocities  are  assumed  to  be  positive  for  c  j-  /  E  /•  •  / 

.  ^  Spreading  of  a  packet  of  carriers  along  z  at 

electron  going  in  the  direction  of  -E  (for  fixed  times  in  n-Sl 

z<0).  At  t=0  the  carriers  are  at  thermal  Na=2.75  lO^^cm-^,  T=300K,  E=5  kV/cm. 
equilibrium,  mean  velocities  are  equal  to 

zero  in  all  the  meshes.  At  the  beginning  t=0.2  ps,  the  mean  velocity  in  the  meshes  near 
z=0  is  strongly  modified  (meshes  for  great  values  of  |z|  are  empty).  The  shape  is 
practically  linear  versus  z.  Carriers  with  high  k  values  move  very  fast  in  the  real  space 
Vm  (10^  cm/s)  and  are  located  at  the  front  of  the 

packet  where  the  mean  velocity  is 
on  -  E{ioor  5  KV/cm  great.  These  carriers  have  not  been  yet 

„i4  -3  ,  scattered,  their  high  velocity  is  due  to 

ND  "  Z,/0\U  Crn  ''  ir'n’T  11  i'i 

the  free  flight  and  to  the  acceleration  by 

. the  field.  For  positive  values  of  z  the 

^  ^ . . . . .  velocity  is  lower  and  some  values  at  the 

—  t -- 0.2  ps  beginning  are  negative.  Then,  for  a 

_  j  Q _ 1  - 1  ps  mean  velocity  decreases 

versus  time,  due  to  collisions. 

. t  y3  ps  ^  ^  ^  ^  Xhg  mean  velocity  of  all  the 

-0,6  -0.5  -0,4  -0,3  -0,2  -0,1  0  0,1  0,2  carriers,  integrated  over  k  and  z  (drift 

z  (pm)  velocity)  is  plotted  figure  3  versus  time. 

Fig.  2  Values  are  compared  with  those  given 

Mean  velocity  ofthe  carriers  versus  z  at  fixed  ^  ^  solution  of  the 

times  in  n-Si.  ,  m  • 

Na=2.75l0l‘lcm-\T=300K,E=SkV/cm.  homogeneous  Boltzmann  equation  m 

the  k-space.  We  can  notice  that  the 
results  are  practically  the  same.  At  t>1.5  ps  the  steady  state  is  obtained  for  the  global 


T  =  300  K 
.  E(!oo)=  5  KV/cm 
Nd-  2,75,10 ‘'^cm'^ 

-  t  --  0 

\ 

\ 

\  \ 

\  \ 

\ 

V;- . . 

-  t  =  0.2  ps 

-  —  m  1  ps 

\  ^ - 

\ 

\ 

.  t  "  3  ps 

-0,6  -0,5  -0,4  -0,3  -0,2  -0,1  0  0,1  0,2 

z  (pm) 

Fig.  2 

Mean  velocity  ofthe  carriers  versus  z  at  fixed 
times  in  n-Si. 

Na=2. 75  10^ ^cm'^,  T=300K,  E=5  kV/cm. 
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system.  The  steady  state  velocity  is  reached  (figure  3)  while  the  local  velocities  are  still 
in  transient  regime  (figure  2). 

DIFFUSION  COEFFICIENT 


The  longitudinal  diffusion  coefficient  is  computed  using  the  slope  of  the  variance 


of  the  carriers'  positions: 

D  -  lA, 

1  C+oo 

<  z  >  =  —  z  f(z,t)  dz 
N  J— 00 

Figure  4  gives  the  transient 
diffusion  coefficient  computed  for  an 
applied  electric  field  of  5kV/cm  along 
the  <100>  direction  at  room 
temperature.  After  a  transient  regime 
of  about  3  ps  the  steady  state  value  is 
obtained.  The  doping  level  used  in 
that  simulation  is  2.75  *10 cm'^. 

Figure  5  shows  a  comparison 


Fig.  3 

Transient  mean  velocity. 

Na^2. 75  T=300K,  E=S  kV/cnu 


t  (ps) 


between  theoretical  and  experimental  - transient  method 

values  of  the  diffusion  coefficient  **** present  work 


obtained  for  the  same  impurity  concentration.  Experimental  data  comes  from  high 
frequency  noise  measurements  performed  in  the  laboratory  using  a  pulse  technique  in 
order  to  avoid  thermal  heating  of  the  material.  For  electric  fields  between  100  and 
5000  kV/cm  the  agreement  is  quite  good. 
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Fig.  5 

Steady  state  diffusion  coefficient  versus 
electric  field. 

Full  line:  theory  and  dots:  noise  experiments 


Fig.  4 

Transient  diffusion  coefficient  computed  using 
the  slope  of  the  variance  of  the  carriers. 
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CONCLUSION 

We  can  solve  the  one  dimensional  space-dependent  transient  Boltzmann 
equation  in  n-type  silicon.  The  material  is  assumed  to  be  homogeneous  and  we  have 
computed  the  transient  distribution  function  of  a  packet  of  carriers  initially  centred  in 
z=0.  Local  distribution  functions  of  these  carriers  are  always  in  transient  regime  even 
when  the  integral  over  all  the  space  is  in  steady  state.  Local  densities  and  transport 
parameters  are  obtained  with  a  good  accuracy.  The  diffusion  coefficient  computed 
using  the  spatial  distribution  function  of  the  carriers  is  then  easily  obtained.  The 
comparison  with  the  diffusion  coefficient  derived  from  noise  temperature 
measurements  is  good. 
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AN  EFFECT  OF  SRUCTURE  FACTORS  AND  MECHANICAL  STRESS 
ON  1/f  NOISE  IN  METAL  FILMS 

G. P. Zhigal’ skii 

Electronic  Technology  Institute 
Moscow.  103498.  Russia 

ABSTRACT 

A  study  is  made  of  the  effect  on  the  1/f^  noise  of  microstructure 
(grain  diameter,  degree  of  crlstallinity) ,  mechanical  stress 
(internal  and  created  by  the  external  force)  and  temperature  in 
metal  films  obtained  under  various  technological  conditions.  It  was 
established  that  films  with  higher  tensile  stress  and  smaller 

'y 

average  size  of  grains  show  greater  1/f  noise  levels.  The  exponent 
j  is  increased  with  the  increment  of  the  stress.  For  the  A1  films 

having  mechanical  stress  cr:sl0  Pa  the  noise  level  is  derived  from 

the  Hooge  correlation  with  a  ~2-10 

H 

1. ’specimens  AND  METHOD  OF  EXPERIMENTS 

The  test  samples  were  A1 ,  Cr  and  Mo  films  deposited  on  glass 
and  oxidized  silicon  substrates.  The  film  thickness  was  varied  from 
50  nm  to  1  pm.  The  spectral  power  density  of  the  1/f  noise  was 
measured  over  the  frequency  range  from  f  =  2  Hz  to  10  kHz,  at  a 

direct  current  density  j  10^  A/cm^.  The  stress  was  determined  by 

measuring  the  inflection  of  a  cantilever-mounted  substrate  .  Films 
with  different  properties  were  produced  by  varying  the  conditions. 
The  film  samples  for  the  stress  and  electrical  measurements  were 
deposited  on  the  substrate  in  the  same  batch. 

In  order  to  perform  direct  experiments  to  determine  the 
effect  of  enternal  controlable  mechanical  stresses  on  the  character 
and  level  of  1/f  noise,  a  special  device  was  developed  to  generate 
both  tensile  and  compressive  stresses  within  a  Cr  film  deposited  on 
glass  substrate  by  deflecting  a  cantilever  -  mounted  substrate 
holding  the  film.  Tensile  stress  was  created  by  applying  an 
external  bending  force  to  the  free  end  of  the  substrate 
perpendicular  to  the  plane  of  the  latter  from  the  side  carrying  the 
film,  while  compression  was  produced  by  applying  the  force  in  the 
other  direction.  The  A1  films  were  deposited  on  elastic  substrates 
and  controlable  mechanical  stress  was  created  by  applying  external 
tensile  force  to  the  unfastened  end  of  a  substrate. 

2.  EXPERIMENTAL  RESULTS 

The  spectral  density  of  noise  power  in  the  studied  frequency 
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range  obeys  a  law  S(f)  ~  f 

For  Cr  films  internal  stress, resistivity  and  1/f  noise  level 
were  measured  in  vacuum  chamber  directly  after  film  deposition  at  a 
substrate  temperature  equal  to  the  condensation  temperature,  as 
well  as  during  the  process  of  film  aging  in  vacuum  and  air. 
Directly  upon  condensation,  Cr  films  have  a  high  noise  level  which 
upon  30-60  min  of  maintenance  in  vacuum  at  the  condensation 
temperature,  or  with  cooling,  decreases  by  several  orders  of 
magnitude.  At  the  same  time  there  was  a  reduction  in  intrinsic 
mechanical  stress  and  resistivity.  Reduction  of  the  1/f  noise  with 
time  during  the  process  of  film  aging  occurs  on  the  exponential  law 
(relaxation  time  t^5  min),  characteristic  for  the  annealing  of 
nonequilibrium  vacancies  in  the  film  due  to  migration  to  various 
sinks.  Estimates  of  the  exponent  j  in  films  directly  after 
condensation  give  a  value  of  =  2.5-3.  After  maintenance  in  a 
vacuum  for  30-60  min  j  decreases  to  values  of  ^  1 .  The  noise 
level  relaxes  to  the  stationary  margin  quicker  than  the  magnitude 
resistivity.  This  result  confirms  that  arising  of  the  1/f  noise  is 

2 

due  to  mobile  defects 

It  was  found  that  films  with  higher  internal  stress  have 
higher  levels  of  1/f  noise.  The  spectral  power  density  of  the  1/f 
noise  is  proportional  to  the  exp ( -(xV/kT ) ,  where  cr  is  the  stress, 
and  V  is  the  activation  volume.  For  Cr  and  Mo  films  we  found  that 

values  V  are  close  to  the  atomic  volumes  n  of  bulk  metals  This 
results  point  to  a  vacancy  mechanism  for  the  1/f  noise  in  these 

films.  Figure  1  shows  the  dependencies  of  the  Hooge’s  parameter  cc  ^ 
on  the  internal  mechanical  stress  for  A1  films  with  thickness 


Cr 

,  -7 

A  0,S 

h  36'At■^0  (Pa) 

'h  -1  0  2  MSCrWHPa] 

Fig.l.  Dependences  of  the 
parameter  a  on  the  internal 
mechanical  stress  for  A1 
films. 


Fig. 2.  Dependences  of  the 
exponent  j  on  the  internal 
mechanical  stress  for  the 
Cr  and  A1  films. 
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h=100±10  nm  and  170±10  nm  (carrier  density  is  taken  n=1.8*10 

—3  3 

cm  ),  From  these  curves  we  found  V~  0.2  nm  . 

This  value  is  close  to  the  magnitude  of  \2Q 

A1 

-2  3 

(n  =1.66*10  nm  ) . The  latter  corresponds  to  the  volume  of  atoms 

A1 

displaced  by  a  single  vacancy  in  the  face-centered  cubic  lattice  or 
to  the  volume  of  a  vacancy  aggrigate.  This  vacansy  aggregate  can 
contain  as  much  as  12  vacansies.  Direct  observation  of  the  defects 
in  quenched  aluminium  has  shown  existance  of  different  vacancy 

aggrigate 

For  A1  films  with  the  internal  mechanical  stress  (r:^10^Pa  the 

4 

noise  level  is  low  and  is  given  by  the  Hooge  formula  with  a  ^ 

2*10~^.  Theaverage  size  of  grains  in  this  films  is  1^200  nm 

Figure  2  shows  the  dependencies  of  the  exponent  'y  on  the 
internal  mechanical  stress  for  the  Cr  and  A1  films.  This  result 
allows  to  explain  a  difference  between  values  of  the  exponent  y  for 
the  different  films. 

The  experiments  on  determining  the  effect  of  external 
stresses  on  the  character  and  level  of  1/f  noise  have  shown  that 
the  noise  spectral  density  increases  with  the  increase  in  tensile 
stress  both  for  A1  and  Cr  films.  When  external  compression  is 
applied  a  reduction  in  noise  (for  Cr  films)  is  observed.  Upon 
transition  to  the  range  of  small  compressions,  the  noise  level 
reaches  its  minimum.  In  this  case  the  noise  is  of  the  same  order  of 
magnitude  for  the  films  produced  with  differing  techniques  and 
having  different  internal  mechanical  stress  and  initial  noise 
level.  As  tensile  stress  is  Increased  the  quantity  ■y  increases  from 
y  «  1  to  y  ~  2.5. 

For  significant  deformations  (e  5:  0,5%)  irreversible  changes 
occur  in  the  film.  Then  the  reverse  path  of  the  noise  curves  as 
functions  of  deformation  do  not  coincide  with  the  forward  paths.  In 
this  case  the  noise  increases  when  deformaion  is  applied  and  then 
decreases  with  relaxation  time  of  t~10-50  min,  that  is  explaned  by 
a  capture  of  the  vacancies  by  the  moving  dislocations  under  a 
plastic  deformation. 

Investigation  of  structure  influence  factors  on  1/f  noise  has 
shown  that  as  the  grain  diameter  and  grade  of  cristal Unity 

7 

increase,  the  magnitude  of  1/f  noise  decreases  .  For  the  films 
with  the  high  noise  level  the  temperature  noise  dependence  is 

3 

exponential  with  activation  energy  E  depending  on  grain  diameter 

7 

and  cristallinity  grade  at  the  same  frequensy 

We  also  discovered  that  the  activation  energy  for  noise 

power  spectral  density  increases  with  the  frequensy  decrease.  We 
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observed  values  of  the  activation  energy  ~  (0.2-0. 7)  eV  at  the 

frequencies  ranging  from  10  kHz  to  2  Hz  for  the  Cr  and  Mo  films. 
The  broad  and  quasi  continuous  distribution  of  the  can  be 

explained  by  microstresses  at  the  grain  boundaries  which  are 
randomly  distributed  and  can  surpass  significatly  macrostress  tr 

g 

(sometimes  for  more  than  an  order  of  magnitude)  .  Changing  of 
activation  energy  at  local  regions  due  to  mechanical  stress  cr^  for 

Cr  film  when  cr  =  2*10^Pa  and  V  =  Q  =1.2-10^  nm^  is  AE  =  cr  V  ~ 

m  Cr  am 

0.24eV  (we  consider,  that  Guck’ s  law  is  hold  true  here).  This  value 
is  comparable  with  the  energy  per  bond  in  the  crystall  lattice. 

The  results  obtained  confirm  that  a  vacancy  mechanism  is 
responsible  for  the  1/f  noise  in  continuous  metal  films  with  an 

elevated  concentration  of  mobile  defects  This  mechanism 

Involves  the  creation  and  annihilation  of  vacancies  at  various 
types  of  sinks. 
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RECENT  ADVANCES  IN  THE  INTERPRETATION  OF  THE  BARKHAUSEN  NOISE 
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ABSTRACT 

Barkhausen  noise  statistical  properties  are  derived  from  a  set  of  stochastic  differential 
equations  describing  the  motion  of  a  magnetic  domain  wail  in  a  randomly  perturbed  medium. 
The  noise  amplitude  distribution  obeys  the  law  Po(v)  oc  v‘''^exp(-v),  with  c  >  0.  When  c  < 
1,  the  noise  is  characterized  by  the  presence  of  Barkhausen  jumps  distributed  in  duration  Au 
and  size  Ax  according  to  the  scaling  laws  (Au)'“  and  (Ax)''^,  with  o;  ==  2  and  /5  —  1.5.  The 
theory  gives  a  natural  interpretation  of  the  non-linear  dependence  of  the  noise  power 
spectrum  on  magnetization  rate  and  permeability.  Extensions  of  the  theory  aimed  at 
describing  the  influence  on  Barkhausen  noise  of  magnetic  viscosity  effects  and  of  diffusive- 
like  propagation  of  local  magnetization  changes  are  discussed. 

INTRODUCTION 

The  Barkhausen  noise  (BN)  can  provide  rich  and  valuable  information  on  the 
mechanisms  responsible  for  ferromagnetic  hysteresis,  once  a  suitable  interpretation  of  its 
origin  is  worked  out.  There  have  been  widespread  attempts  in  the  past  to  describe  the  most 
evident  feature  of  BN,  the  existence  of  burst  events  often  termed  Barkhausen  Jumps,  in  terms 
of  clustering  of  elementary  domain  wall  jumps  triggered  by  some  local  instability. More 
recently,  there  has  been  renewed  interest  in  Barkhausen  jumps  as  an  example  of  self- 
organized-criticality, although  the  interpretation  of  measured  quantities  by  self-organized- 
criticality  concepts  is  still  at  a  preliminary  stage. 

An  aspect  which  makes  the  interpretation  of  BN  particularly  difficult  is  the  fact  that 
BN  is  strongly  non-stationary  along  each  magnetization  half-cycle,  as  a  result  of  the  different 
nature  of  the  various  magnetization  processes  responsible  for  the  noise,  domain  wall  (DW) 
motion  in  the  central  part  of  the  hysteresis  loop  and  magnetic  domain  creation  and 
annihilation  near  saturation.^  This  is  the  main  reason  preventing  a  clear  physical 
interpretation  of  those  experiments  where  BN  properties  are  averaged  out  over  the  whole 
magnetization  loop.  Definite  progress  can  in  fact  be  achievd  by  restricting  BN  measurements 
to  a  limited  part  of  the  hysteresis  loop  around  the  coercive  field  point. ^  Here  BN  is 
approximately  stationary  and  is  associated  with  a  well-defined  magnetization  mechanism, 
DW  motion.  The  BN  signal  is  a  measure  of  the  velocity  fluctuations  of  active  DWs  and  the 
interpretation  of  BN  is  reduced  to  the  problem  of  developing  a  convenient  theory  of  DW 
dynamics  in  a  randomly  perturbed  medium. 

STOCHASTIC  DIFFERENTIAL  EQUATIONS  FOR  DOMAIN  WALL  DYNAMICS 

DW  dynamics  in  metallic  ferromagnets  is  governed  by  the  simple  linear  relation 
Vdw  -  Hn,  -  Hp,  where  v^w  is  the  DW  velocity,  H^  is  the  applied  field,  H^  describes 
internal  magnetostatic  interactions,  and  Hp  characterizes  the  pinning  effects  due  to 
microstructural  perturbations.  The  proportionality  between  field  and  velocity  originates  from 
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the  viscous-like  action  of  the  electric  currents  induced  by  DW  motion.®  is  usually  a 
known  function  of  time  and  is  to  a  good  approximation  proportional  to  the  DW  position. 
Hp  is  instead  some  random  function  of  the  DW  position,  as  a  consequence  of  microstructural 
disorder.  These  Hp  space  variations  induce  DW  velocity  fluctuations  that  give  rise  to  the  BN 
signal.  In  terms  of  convenient  dimensionless  variables  ( u  for  time,  x  and  v  =  dx/du  for  DW 
position  and  velocity,  hg(u)  and  hp(x)  for  applied  and  pinning  fields  ),  we  have  the  equation 

V  =  hju)  -  X  -  ^  ^ 

We  see  that  the  DW  behaves  like  a  zero -mass  single  degree  of  freedom,  subject  to  a  set  of 
forces  (  fields  )  balancing  to  zero  ( the  term  v  is  just  the  eddy-current  field  ).  Quantitative 
BN  predictions  are  obtained  by  making  specific  assumptions  on  the  random  process  hp(x).^ 
The  behavior  of  hp(x)  has  been  experimentally  investigated  for  some  special  systems,  where 
a  single  DW  is  responsible  for  magnetization  changes. These  studies  have  shown  that 
hp(x)  statistical  properties  are  approximately  those  of  the  Wiener-Ldvy  (WL)  process  w(x). 
This  result  must  necessarily  be  approximate,  because  the  WL  process  has  unphysical  features 
in  many  respects:  i)  it  is  non-differentiable  at  any  point,  which  is  in  contrast  with  the 
physical  fact  that  a  well-defined  reversible  susceptibility  is  associated  with  small-amplitude 
DW  displacements  around  any  given  DW  stable  position;  ii)  it  is  non-stationary,  which 
means  that  hp  can  reach  arbitrarily  large  values.  These  drawbacks  are  overcome  by  refining 
the  WL  description  with  the  introduction  of  two  correlation  lengths  and  02  ( c^i  <  ^2 )? 
according  to  the  equations: 

^  =  six)  ,  ^  +  A  =  J_  ^  ,  <idwf>  =  2dx  (2) 

ax  01,2  ax  a  ^  CLy  dx 

Equations  (l)-(2)  represent  our  theoretical  frame  for  the  interpretation  of  BN  properties. 

SCALING  PROPERTIES 

The  basic  physical  consequences  of  Eqs.(l)-(2)  are  well  illustrated  by  the  limiting 
case  where  hp(x)  is  a  pure  WL  process,  i.e.,  0  and  ci2  By  taking  the  time 

derivative  of  Eq.(l)  and  by  assuming,  as  is  commonly  the  case  in  BN  experiments,  that  l\(u) 
increases  at  a  constant  rate  dhjdu  =  c,  we  obtain 

—  +  (v  -  c)  =  —  ,  <\dw\^>  =  2dx  =  2vdu  (3) 

du  du 

v(u)  is  a  Markov  process,  so  that  its  statistical  properties  are  fully  determined  by  the 
transition  density  P(v,u|vo).  P  obeys  the  Fokker-Planck  equation  associated  with  Eq.(3): 

^  _  a[(v-c)P1  _  ^\vP]  ^  Q 

du  dv 


(4) 
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The  solution  of  Eq.(4)  can  be  expressed  as  a  series  of  Laguerre  polynomials;- 


,  "  n!L;-'(v)Lr‘(Vo) 

P(v,«|Vo)  =  v"-‘exp(-v)5^exp(-nM) - - 


(5) 


Equation  (5)  shows,  in  particular,  that  the  stationary  amplitude  probability  density  Po(v)  and 
the  autocorrelation  function  R(Au)  of  the  v(u)  process  are  given  by 


w  = 


.c-1 


m 


exp(-v) 


R(Au)  =  c  exp{-|Aw|) 


(6) 


According  to  Eq.(6),  the  behavior  of  Po(v)  for  v  ^  0  changes  drastically,  from  Pq  oo  to 
^  0,  when  c  =  <v>  crosses  the  value  c  =  1.  This  value  represents  the  boundary 
between  two  quite  different  regimes.  For  c  <  1,  there  is  a  significant  probability  to  find 
values  V  ~  0.  The  DW  motion  has  a  jerky  character  and  proceeds  by  Barkhausen  Jumps 
separated  by  random  waiting  times  during  which  the  DW  is  nearly  motionless  ( v  ~  0  ).  On 
the  other  hand,  when  c  >  1  the  Barkhausen  jumps  merge  into  each  other  and  the  motion 
becomes  continuous,  with  a  negligible  probability  to  find  values  v  ~  0.  The  law  Po(v)  oc 
v"'^exp(-v)  and  the  transition  from  burst-like  to  continuous  regime  have  been  fully  confirmed 
by  numerous  BN  experiments.^ 

The  power-law  divergence  in  Po(v)  when  c  <  1  suggests  the  presence  of  self-similar 
properties  in  the  noise  behavior.  This  is  confirmed  by  the  structure  of  Eq.(3).  In  fact,  this 
equation  reduces  to  dv/du  -  c  ~  dw/du  when  v  1 .  This  approximate  relation  is  invariant 
when  we  change  both  v  and  u  by  the  same  scale  factor  k  (  v  ^  kv,  u  ku,  which  implies 
X  ^  k^  and  <  I  dw I =  2dx  ^  k2<  | dw | ^> ,  i.e.,  w  ^  kw  ).  This  result  can  be  exploited 
to  derive  information  on  the  scaling  properties  of  the  distribution  of  Barkhausen  jump 
durations  Au  and  amplitudes  Ax.  First  of  all,  let  us  notice  that  the  term  Barkhausen  jump 
needs  to  be  carefully  defined,  since,  owing  to  the  self-similar  nature  of  the  process  v(u), 
there  are  jumps  on  any,  even  arbitrarily  small,  scale.  Deciding  whether  the  DW  is  jumping 
(  V  >  0  )  or  not  (  V  -  0  )  implies  the  introduction  of  some  coefficient  r,  measuring  our 
ability  to  resolve  v  and  u  details  not  smaller  than  r,  which  means,  in  particular,  that  v  -  0 
whenever  v  <  r.  The  mean  duration  <  Au>  of  the  Barkhausen  jumps  associated  with  the 
resolution  coefficient  r  will  be  proportional  to  the  probability  that  v  >  r,  which,  according 
to  Eq.(6),  for  sufficiently  small  r  and  c,  will  be 


<Ak>  «  Prob[v>r]  =  1  ~  f  “  1  “ 

0 


(7) 


Let  us  now  consider  the  distribution  P(Au;r)  of  Barkhausen  jump  durations.  The  self-similar 
nature  of  v(u)  implies  that  P(Au;r)  must  be  a  function  of  Au/r  only,  with  a  scaling  structure 
of  the  form  P(Au/r)  -  (Au/r)  "'.  The  resolution  r  permits  us  to  detect  jumps  of  minimum 
duration  of  the  order  of  r.  On  the  other  hand,  the  characteristic  relaxation  time  of  Eq.(3), 
equal  to  unity,  forbids  jump  durations  Au  >  1.  This  means  that 
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<Au>  «  J  dAu  Au  «  1  - 

r 


(8) 


By  comparing  Eq.(7)  with  Eq.(8)  we  conclude  that  the  scaling  exponent  for  jump  durations 
is  a  =  2  -  c.  Similar  considerations  lead  to  the  conclusion  that  also  the  distribution  of  jump 
amplitudes  Ax  obeys  a  scaling  law  of  the  form  PCAx/r^)  ~  (Ax/r^)'^,  with  /?  =  1 .5  -  c/2.  The 
scaling  properties  of  BN  have  been  recently  investigated  in  connection  with  the  search  for 
self-organized-criticality  effects  in  BN.^  Values  of  (  a,  i5  )  equal  to  (  1.82,  1.74  )  for 
amorphous  ribbons,  (  1.64,  1.88  )  for  iron,  (  2.1,  1.78  )  for  alumel,  have  been  found, 
which,  given  the  difficulties  of  such  type  of  measurements,  seem  to  be  in  reasonable 
agreement  with  the  present  predictions. 

POWER  SPECTRUM 

It  has  been  known  for  a  long  time  that  the  BN  power  spectrum  F(a^)  depends  in  a 
complicated,  non-linear  way  on  the  average  magnetization  rate  dl/dt  and  on  the  presence  of 
demagnetizing  effects. The  spectrum  usually  exhibits  a  maximum  at  some  frequency  coq 
which  progressively  shifts  towards  higher  values  with  increasing  dl/dt  or  decreasing 
permeability.  At  high  co,  the  spectrum  approaches  the  law  F(a;)  k(dl/dt)/a;^  where  the 
proportionality  constant  k  is  controlled  by  the  microstructural  properties  of  the  material 
considered. 

These  features,  which  have  been  the  subject  of  detailed  analysis  in  the  frame  of  the 
models  based  on  clustering  of  elementary  DW  jumps can  be  quite  naturally  interpreted  by 
Eqs.(l)-(2).' Let  us  first  notice  that,  according  to  Eq.(6),  the  approximation  where  hp(x)  is 
a  pure  WL  process  gives  an  exponential  autocorrelation  and  thus  a  lorentzian  spectrum, 
F(co)  =  4c/(w^  +  1).  Since  c  =  <v>  a  dl/dt,  no  non-linearities  of  any  sort  are  found. 
This  result  drastically  changes  when  we  release  the  approximation  a2  ^  and  we  include 
a.  in  the  treatment.  This  becomes  particularly  evident  in  the  limit  of  high  mean  DW 
velocities,  where  v  fluctuations  are  so  small  with  respect  to  <v>  =  c  that  we  can  assume 
X  ~  cu  in  Eq.(2)  (  we  will  keep  on  assuming  aj  0,  i.e.,  no  reversible  magnetization 
contributions  ).  Under  these  approximations,  the  hp  spectrum,  calculated  from  the  Fourier 
transform  of  Eq.(2),  is  equal  to  4c/(a;^  +  with  =  ajc.  By  making  use  of  this  result 
in  the  calculation  of  the  Fourier  transform  of  the  time  derivative  of  Eq.(l),  we  find 


F(g))  =  4c - - 

[(«'  +  ixw"  +  t;')] 


(9) 


According  to  Eq.(9),  F(w)  ==  4c/(jo“  at  high  co.  F(cj)  has  a  maximum  at  the  frequency  gjq  = 
_  (c/ofo)^^".  Here  F(a>o)  =  4c/(c/a:2  "f  1)".  Since  c  oc  dl/dt,  we  find  that  the  spectrum 
maximum  is  shifted  to  higher  frequencies  with  increasing  dl/dt,  and  that  its  absolute  value 
in  this  region  increases  less  than  linearly  with  dl/dt.  These  non-linearities  originate  from  the 
fact  that  a.  is  a  correlation  length  in  space  and  not  in  time.  A  distance  of  the  order  of  0^2  is 
swept  by  the  DW  in  a  time  inversely  proportional  to  its  mean  velocity  c,  and  this  gives  rise 
to  a  magnetization-rate-dependent  cut-off  r;'  =  da.  in  hp  time  fluctuations,  which  is 
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responsible  for  the  non-linear  spectrum  behavior.  All  these  predictions  (  as  well  as  others, 
concerning  the  spectrum  dependence  on  permeability,  not  discussed  here  )  are  in  excellent 
quantitative  agreement  with  BN  experiments  performed  under  controlled  magnetization  rate 
and  permeability  values.^ 


EXTENSIONS  OF  THE  THEORY 


We  have  previously  mentioned  that  Eq.(l)  has  the  structure  of  a  balance  equation 
for  the  forces  acting  on  a  zero-mass  single  degree  of  freedom.  This  naturally  suggests  that 
additional  features  of  BN  could  be  taken  into  account  by  simply  adding  proper  additional 
field  terms  to  Eq.(l).  This  viewpoint  proves  particular  effective  is  the  study  of  BN  in  the 
presence  of  magnetic  viscosity  effects,  i.e.,  of  DW  energy  variations  originating  from 
thermally-activated  atomic  diffusion  processes  taking  place  inside  the  DW.  It  was  shown  by 
N^el,^**  that  these  processes  just  give  rise  to  an  additional  viscosity  field  h^  acting  on  the  DW. 
h^  obeys  the  evolution  equation 


J  T-“P 


u-u. 


/ 


x{u)-x{u;) 


Ax 


(10) 


where  h,^,  Ax^,  x  are  suitable  parameters,  f(x)  describes  the  h^  behavior  in  the  case  of  an 
instantaneous  DW  displacement’^  and  f  (x)  means  df/dx.  The  basic  equations  for  the  problem 
are  Eq.(lO),  Eq.(2)  and  Eq.(l)  in  the  modified  form  v  =  h^Cu)  -  x  -  hp(x)  -  h^(u;{x(u)}), 
where  the  notation  h^(u;{x(u)})  reminds  that  h^  depends  on  the  whole  DW  past  history 
{x(u)}. 

This  theoretical  description  has  been  applied  to  the  interpretation  of  the  BN  behavior 
in  12%  Al-Fe  alloys,  where  strong  magnetic  viscosity  phenomena  occur  around  500  C  in 
correspondence  of  atomic  pair  ordering  processes.’^  A  good  estimate  of  the  activation  energy 
of  the  process  can  be  obtained  from  the  analysis  of  the  temperature  dependence  of  the 
maximum  of  the  BN  spectrum.’® 

Another  interesting  generalization  of  Eq.(l)  is  suggested  by  the  fact  that  Eq.(l)  does 
not  take  into  account  the  possible  role  of  DW  internal  degrees  of  freedom,  in  particular  of 
the  fact  that  the  DW  behaves  like  a  flexible,  rather  than  a  rigid  surface.  Distortions  of  the 
DW  profile  in  a  given  cross-section  of  the  system  can  be  induced  by  the  pressure  of  eddy- 
current  counterfields,  which  is  inhomogeneous  as  a  consequence  of  the  boundary  conditions 
imposed  by  the  system  geometry.  Yet,  these  distortions,  usually  termed  DW  bowing,  become 
relevant  only  at  large  DW  velocities,  when  the  eddy-current  fields  reach  a  strength 
comparable  with  the  DW  surface  tension,  and  are  not  expected  to  have  significant  influence 
on  BN.  On  the  other  hand,  an  aspect  that  can  have  much  more  important  consequences  is 
the  fact  that  any  magnetization  change  originating  in  a  given  cross-section  of  the  system  must 
eventually  propagate  along  the  applied  field  direction  z.  Perfect  propagation  is  obtained  if 
the  DW  behaves  like  a  rigid  surface  along  z,  as  is  implicitly  assumed  in  Eq.(l),  but  this  is 
too  an  idealized  situation.  The  microstructural  perturbations  giving  rise  to  the  pinning  field 
hp  will  have  a  finite  correlation  length  along  z,  so  that  the  net  pinning  force  experienced  by 
the  DW  will  fluctuate  along  z.  This  will  induce  DW  longitudinal  distortions  and  will  partially 
inhibit  the  longitudinal  propagation  of  the  magnetic  flux.  In  order  to  deal  with  such 
mechanisms,  we  need  to  introduce  in  Eq.(l)  some  additional  term  describing  how  the  local 
field  balance  is  altered  by  DW  z  distortions.  It  has  been  known  for  a  long  time  and  it  has 
been  stressed  by  several  authors’  that  longitudinal  magnetic  flux  propagation  is  expected  to 
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obey  some  diffusion-like  equation,  a  fact  supported  by  experimental  findings  and  by  the  very 
structure  of  Maxwell  equations.  A  natural  generalization  of  Eq.(l)  in  this  direction  is 


dx  ^  ^  ^x 
~~  dz^ 


du 


hM 


X  -  h^(x,z) 


(11) 


where  hp(x,z)  is  a  proper  bidimensional  stochastic  process,  characterized  by  suitable 
correlation  lengths  along  x  (  see  Eq.(2) )  and  z. 

Equation  (11)  has  been  successfully  applied  to  the  interpretation  of  the  time  and 
space  propagation  of  individual  Barkhausen  jumps, and  to  the  prediction  of  the  BN 
spectrum  in  NiFe  alloys. The  diffusive  term  in  Eq.(ll)  modifies  the  spectrum  shape 
described  by  Eq.(9)  by  shifting  the  position  of  the  maximum  towards  lower  frequencies  and 
by  introducing  an  intermediate  frequency  region  beyond  the  maximum  where  the  spectrum 
attains  a  slope  in  between  -1.5  and  -2.  We  believe  that  a  deeper  investigation  of  the 
properties  of  Eq.(l  1),  supplemented  with  a  proper  description  of  the  process  hp(x,z),  could 
lead  to  important  progress  in  the  comprehension  of  magnetization  dynamics  in  ferromagnetic 
systems. 
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ABSTRACT 

Three  experimental  methods  of  magnetic  noise 
depression  in  thin  magnetic  permalloy  films  are 
presented.  The  films  were  remagnetized  by  sinusoidal 
magnetic  field  with  frequencies  ranging  from  100  kHz  to 
16  MHz.  Fluctuation  spectral  density  S^(f)  of  EMS  was 

measured  in  indicator  winding  at  low  frequencies. 
Experiments  were  carried  out  on  the  thin  magnetic  films, 
containing  80%  Ni  and  20%  Fe,  with  thickness  500-1500  A, 
prepared  by  the  method  of  thermic  evaporation  on  the 
glass  substrate.  Each  method  of  noise  depression  (25  dB  - 
80  dB)  is  explained  on  the  basis  of  magnetics. 

INTRODUCTION 

The  studies  of  magnetic  noise  depression  have  been 
made  not  only  for  the  importance  in  device  engineering, 
but  also  for  purely  scientific  interest  in  physics  of 
magnetics.  The  problem  of  noise  depression  in  any 
physical  system  is  one  of  the  most  important.  By  now 
there  were  no  experiments  which  proved  the  cooling 
influence  on  the  magnetic  noise  by  cycle  remagnetization 
of  ferromagnetic  material.  The  aim  of  the  present  paper 
is  to  obtain  reliable  method  of  noise  depression  in  thin 
magnetic  films  and  to  discuss  the  physical  origin 
explaining  the  noise  decrease. 

RESULTS  AND  DISCUSSION 

The  first  method  of  magnetic  noise  depression 
consists  of  superposition  of  light  constant  magnetic 
field  (part  of  Oersted)  H^  which  is  orthogonal  to 

remagnetization  field. ^  Alternating  magnetization  was 
carried  out  along  the  light  or  hard  magnetize  axis  of  the 
film.  The  constant  magnetic  field  Hj_  created  an 

advantageous  direction  of  the  turning  the  magnetization 
vector  under  the  influence  of  the  pumping  fields  towards 
the  constant  fields.  Depression  is  achieved  on  account 
that  the  most  part  of  the  film  becomes  remagnetized  due 
to  the  one-side  rotation,  but  not  by  displacement  of 
domains  boundaries.  At  the  certain  value  H_l,  wiping  off 

the  angular  dispersion,  all  the  film  is  remagnetized  due 
to  the  one-side  rotation,  which  results  in  a  large 


(c)  1993  American  Institute  of  Physics 


93 


94  Methods  of  Magnetic  Noise  Depression 


depression  (Fig.  1).  The  noise  depression  by  remagnetiza¬ 
tion  of  one-side  rotation  is  the  result  of  the  time 
remagnetization  decreasing.  And  secondly  the  critical 
field  dispersion  decreases,  because  in  this  case  the 
transition  over  the  state  with  the  maximum  energy 
required  the  less  field  energy,  i.e.  lesser  critical 
field.  This  method  made  possible  to  reduce  the  noise  by 
80dB,  Magnetic  permeability  abating  under  10%. 

The  second  method  consists  of  deep  cooling  of  the 
oxidized  films  down  to  the  liquid  helium  temperature.^ 
Experimental  results  are  shown  on  the  Fig.  2.  Presented 
curves  correspond  to  different  times  of  films  oxidation 
with  the  air  heated  up  to  150°C.  By  cooling  to  the 
temperature  close  to  liquid  nitrogen  temperature  there 
was  no  observed  noise  change,  independently  on  direction 
of  remagnetization.  But  starting  from  certain,  for  any 
given  specimen,  characteristic  temperature  a  strong 
decreasing  of  noise  intensity  with  further  cooling  comes. 
Noise  depression  by  this  method  achieves  30  dB.  We  call 
temperature  depression  T^  the  temperature  at  which  the 

temperature  dependence  changing  of  magnetic  noise  takes 
place. 

This  effect  of  low  temperature  depression  is 
connected  to  the  irregular  domain  boundaries  behavior, 
which  was  first  put  forward  by  Neel  and  Gorelic. 

To  explain  magnetic  noise  depression  effect  it  is 
necessary  to  take  into  account  the  presence  of  three 
magnetic  phases,  which  have  a  different  value  of 
interchange  interaction  constant.  These  phases  are  as 


Fig.  1.  Noise  depression  caused  by  constant  magnetic 
field  Hj_  orthogonal  to  remagnetization  field. 


Fig.  2.  Temperature  dependence  of  magnetic  noise  for  thin 
magnetic  film.  Curve  1  -  without  oxidation,  curve  2  -  the 
oxidation  time  is  4  hours,  curve  3  -  the  oxidation  time 
is  16  hours,  curve  4  -  the  oxidation  time  is  32  hours. 


V.  V.  Potemkin  95 


f9llows.  The  basic  ferromagnetic  layer  of  film,  small 
dispersion  oxide  phase  inclusions,  and  transition  domains 
between  basic  layer  and  oxide  inclusions.  The  transition 
dpmains  have  a  small  interchange  constant  in  comparison 
with  basic  ferromagnetic  layer,  because  of  their 
nonordering  crystal  lattice. 

For  the  analysis  of  experimental  results  it  is 
necessary  to  attract  the  notion  of  time  constant  t  for 
pe  relaxation  process  of  including  spin  axis  after  the 
basic  layer  magnetization.  Owing  to  the  including 
parameters  dispersion  (energy  anisotropy,  coupling  energy 
with  basic  layer)  there  is  a  temperature  distribution  of 
constant  x  depending  on  temperature.  This 

distribution  has  an  exponential  character 


TgexplKV/kgT) 


anisotropy  constant. 


the  domains  which  have 


where  x^  is  the  response  time,  K  -  anisotropy  constant, 
V  -  volume  of  oxide  phase. 

At  the  temperature  T<T_^  the  domains  which  have  a 

large  t,  can  be  considered  as  frozen  local  domains.  They 
become  the  centers  of  domain  structure  formation  and  make 
the  potential  relief  essentially  heterogeneous.  With  high 
frequency  remagnetization  of  the  film  magnetic  noise  is 
caused  by  the  not  repeatable  character  of  such  process  as 
domain^  structure  formation  and  domain  remagnetization 
occurring  in  different  cycles.  Homogeneity  of  potential 
relief  preconditions  high  levels  of  magnetic  noise 
because  of  the  nonreproducible  domain  structure.  When 
cooling  the  film  below  the  depression  temperature,  the 
potential  relief  becomes  heterogeneous  and  the  noise 
reduces  abruptly.  In  certain  samples  this  reduction 
amounted  as  high  as  180  dB  per  one  temperature  octave 

Monotonous  raise  of  T^  by  increasing  film  oxidizing 

is  caused  by  increasing  of  oxide  phase  volume,  because 
the  effect  of  magnetization  fastening  on  the  boundary 
line  with  oxide  grows. 

The  third  method  to  obtain  magnetic  noise  depression 
involyes  superposition  of  the  additional  high  frequency 
iield  on  the  remagnetized  sample.  The  additional  high 
frequency  field  causes  narrowing  of  fluctuation  zones  of 
all  the  barriers  and  leads  to  reduction  of  the  Barkhausen 
high  jumps  which  are  responsible  for  low  frequency 
component  of  the  noise  spectrum,  which,  in  its  turn 
makes  the  noise  go  lower  by  25  dB. 
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ABSTRACT 

Experimentally  determined  the  group  of  ferromagnetic  materials 
possesing  the  oscillating  magnetic  noise  spectrum.  The  spectral  dis¬ 
tribution  shape  is  connected  with  appearance  of  Barkhausen  discon¬ 
tinuity  correlated  bundles  in  different  remagnetization  cycles.  The 
phenomenological  theory  of  stochastical  effects  in  such  samples  is  cre¬ 
ated. 


INTRODUCTION 

The  spectral  analysis  of  e.m.f.  power  arising  in  the  sensor  coil  wounded 
around  the  ferromagnetic  sample  in  the  external  periodically  changing  magnetic 
field  shows  the  idea  of  Barkhausen  discontinuity  independent  fluctuations  (Pois¬ 
son  model)  is  not  accurate.  Building  the  adequate  theory  one  has  to  take  into 
consideration  the  mutual  fluctuation  correlation.  Experimental  investigations  of 
temporal  oscillogrames  of  Barkhausen  discontinuities  sequences  confirm  this  sug¬ 
gestion. 

Correlated  ’’bundles”  and  ’’tandems”  often  appear  in  oscillogrames.  The  cor¬ 
relation  is  also  observed  in  adjacent  remagnetization  half-periods.  The  estimative 
number  of  remagnetization  half-periods  with  the  correlated  amplitude  fluctuation 
of  Barkhausen  discontinuities  is  valid  for  the  magnetic  noise  statistic  determina¬ 
tion  including  ”l/f’  noise. 


THEORY 

Imagine,  that  in  every  half-period  the  single  Barkhausen  discontinuity  appears 
at  the  fixed  moment  with  the  stochastic  amplitude.  Using  such  a  suggestion,  the 
e.m.f.  in  the  sensor  coil  can  be  presented  as  : 

oo 

E{t)=  E  -  kTol2).  (1) 

k=  —  co 

Where  ak  is  the  stochastic  amplitude,  v{t)  is  the  function  determining  the 
impulse  shape,  To  is  the  period  of  the  external  sinusoidal  field.  The  general  ex¬ 
pression  for  spectral  density  ge{^)  is  given  by  exp.  (2)  in  case  amplitudes  are 
correlated  : 
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g,{u)  =  2a.oa^|5(a>)pF(a>/u.o).  (2) 

OO 

where  F{ujIloq)  =  1  +  2  ^(  — co5((xa;/c(;o)/^),  ^  =  2x/To,  = 

_  k=\ 

(a  —  ay. 

R(k)  is  the  coefficient  of  the  amplitude  correlation,  S(uj)  is  the  result  of  v(t) 
Fourier  transformation.  The  condition  ^'(O)  =  0  imposes  on  R(k)  the  following 
restriction: 


=  -0.5.  (3) 

k=l 

Take  E(k)  for  k  >  0:  R(k)  =  r  exp[-hln),  {n  >  0)  and  obtain 

OO 

F{x)  -  1  +  (r/2)  J]](-l)^(ea;p(-A:ai)  +  exp[-~ka2)j,  (4) 

k=\ 

where  x  =  tticj/cjo  ^  cti  ~  ix  —  Ijn.,  a2  —  — 2a;  +  l/n.  After  the  calculation  of  the 
sum  (4)  with  condition  (3),  the  coefficient  r  is  determined  as:  r  =  1  +  ea:p(l/n). 
And  finally: 

1  +  ea:p(l/n))  (l  +  (ej:p(l/n))  co5(7rw/wo)) 

1+2  (ea:p(l/n))cos(7ra;/u;o)  +  exp(2/n) 

The  curves  F’(ct;/a;o,  n)  are  presented  on  Fig.  1.  One  can  see,  that 
becomes  sharper  when  n  increases  and  concentrates  in  the  vicinity  of  odd  har¬ 
monics  (  near  the  third  in  the  calculated  case  ).  The  F(u;/u;o?^)  function  also 
modulates  the  spectral  distribution  gs{oS)  and  determines  the  magnetic  noise  spec¬ 
trum  in  case  S(ijo)  is  a  ’’white  noise”  (  short  discontinuities). 

The  specific  correlation  kind  of  magnetic  moment  changing  in  adjacent  re- 
magnetization  half-periods  takes  place  in  samples  with  the  near-to-rectangular 
hysteresis  loop.  In  this  samples  the  remagnetization  occurs  practically  instantly 
in  comparison  with  Jo  and  all  discontinuities  are  fused.  The  total  magnetic  mo¬ 
ment  of  the  sample  fluctuates  itself.  The  oscillogram  of  the  magnetic  induction 
flow  fluctuating  component  is  represented  as  near-to-rectangular  pulses  of  different 
signs  with  stochastic  amplitudes  appear  at  ^To/2. 

Write  down  the  expression  for  fluctuating  component: 

OO 

>p{t)  =  Y:  -  kTo/2). 

k=—oo 

The  spectral  density  of  the  e.m.f.  power  fluctuating  component  is  given  by  the 
equation: 


F{Lolujo,n)  =  1  - 


ge{<^)  ~  2((7|/7r^)u;o  sm^(7ra;/2a;o). 


(6) 
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According  to  (6)  the  noise  spectral  distribution  has  the  oscillating  nature  and 
vanishes  on  all  even  harmonics  including  the  zero  one. 

EXPERIMENT 

The  state  of  the  sample  with  the  near-to-rectangular  hysteresis  loop  is  reached 
by  producing  in  this  sample  an  induced  magnetic  anysotropy.  Such  kind  of 
anysotropy  arises  when  the  permalloy  film  is  deposited  in  vacuum  on  the  clean 
hot  layer  in  the  presence  of  magnetic  field.  The  latter  is  applied  in  the  film  plain 
and  has  the  intensity  about  100  Oe.  Under  such  conditions  the  easy-magnetic 
axis  is  formed  in  the  film  plain. 

There  were  carried  out  the  investigations  using  round  plain  Mo- alloyed  Fe-Ni 

O 

film  with  10  mm  diameter  and  950  A  thickness.  The  spectral  curve  of  e.m.f. 
power  fluctuations  under  IkHz  cyclic  remagnetization  is  presented  on  Fig.  2  (the 
experimental  data  are  marked  with  the  crosses). 


1  _ ^  _i  _ I  I  .  .  _ 

2  J  OS  1  25  S 

//4 


Fig  1.  Function  F(iolLOQ,n).  Fig  2.  Power  spectrum  density  of 

pair  nonindependent  pulses. 

Analyzing  Fig. 2  one  can  notice,  that  ge(f)  considerably  decreases  on  a  cha¬ 
racteristic  high  frequency.  Taking  into  consideration  that  the  steep  part  of  ^{t) 
pulse  has  the  finite  average  duration  i?,  the  characteristic  frequency  of  the  high- 
frequency  cut  is  equal  to  =  a;{,/27r  =  (2x1?)”^  .  The  slope  location  coincides 
with  the  steep  up-slope  location  of  “1//”  noise  on  harmonics.  Due  to  this  fact, 
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the  integral  g^if)  slope  occures  only  on  tuning  out  from  even  harmonics  and  g^if) 
in  the  vicinity  of  even  harmonics  doesn’t  turn  into  zero.  The  ge(f)  slopes  on  even 
harmonics  correspond  to  the  definite  Barkhausen  discontinuity  correlation  type 
on  increasing  and  decreasing  hysteresis  loop  parts.  If  (p{t)  function  consists  of 
adjacent  rectangular  pulses,  then  e.m.f.  pulses  are  short  equal  in  pairs  pulses  of 
different  signs.  They  arise  around  the  points  of  the  external  field  changing  its 
sign.  Every  such  pair  can  be  treated  as  a  single  pulse.  When  these  pairs  do  not 
correlate  to  each  other,  the  e.m.f.  power  spectrum  is  expressed: 

g^{Lo)  =  lir^)(sin{iO'd /2)l{u;d  l2))sin^{'KLol2u;o).  (7) 

When  the  remagnetization  frequency  changes,  the  correlation  character 
changes  too.  There  were  investigated  experimental  curves  of  magnetic  noise  spec¬ 
tral  distribution  in  the  region  from  the  second  to  the  third  harmonic  on  /  =  0.5, 

1,  5,  20  and  50  kHz. 

The  correlation  parameter  for  these  frequencies  is  proved  to  be  equal  to  1,  1,  1, 

2,  12  respectively.  Therefore,  for  small  /o  values  only  the  two-impulse  correlation 
takes  place.  In  this  experiment  the  e.m.f.  pulse  looks  like  very  short  equal  in  pairs 
impulses  of  different  signs  arising  around  points  when  the  external  field  changes 
its  sign.  The  e.m.f.  power  spectrum  is  well-approximated  by  the  curve  presented 
on  Fig. 2  (thin  curve). 

Analyzing  the  obtained  results  one  can  make  a  suggestion  that  observed  corre¬ 
lation  effects  due  to  relaxation  processes  of  domain  boundaries  displacements  are 
connected  with  the  magnetic  viscosity.  The  microcurl  effect  influence  is  negligible 
when  the  samples  with  reported  thickness  are  used.  It  is  essential  to  remark,  that 
the  Fe-Ni  alloys  with  the  high  permeance  posses  the  abnormal  magnetic  viscos¬ 
ity  and  the  maximal  viscosity  is  observed  in  structures  provides  high  magnetic 
properties. 
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ABSTRACT 

Effect  of  structural  defects  with  internal  degree  of  freedom  and  exponential 
scatter  of  relaxation  times  {’^fluctuators’’')  on  superconducting  parameters  like 
critical  temperature  Tc  and  superconducting  electrons  density  is  considered 
within  a  phenomenological  approach.  The  parameters  in  question  are  shown 
to  exhibit  local  non-stationary  fluctuations  providing  in  particular  a  resistance 
flicker  noise  peak  within  a  superconducting  transition  region  while  in  a  presence 
of  external  magnetic  field  magnetic  noise  is  expected  even  in  a  pure  Meissner 
state.  In  addition,  local  fluctuations  of  Hd  value  are  predicted.  It  is  shown  as 
well  that  fluctuators  coupling  with  the  superconducting  condensa.te  provides  in 
its  turn  a  dependence  of  fluctuators  occupation  numbers  on  the  condensate  e.g. 
on  the  presence  of  a  supercurrent.  Slow  relaxation  and  memory  effects  imposed 
on  superconductivity  by  structural  relaxation  are  expected  as  well. 

There  is  a  lot  of  experimental  data  evidencing  that  a  structure  of  high-Tc  super¬ 
conducting  materials  even  for  monocrystalline  samples  is  by  no  means  a  perfect 
one.  Among  different  aspects  of  this  fact  one  can  note  a  presence  of  specific 
defects  with  internal  degree  of  freedom  and  exponentially- broad  distribution  of 
relaxation  times.  It  has  been  revealed  by  internal  friction  experiments  [l]  as  well 
as  by  heat-relea,se  experiments  [2].  The  most  probable  candidates  for  the  role  of 
such  defects  seem  to  be  oxygen  vacancies,  their  movement  being  affected  by  some 
structural  imperfections.  Thus  one  can  expect  a  formation  of  effective  double- 
well  potentials  of  the  type  known  to  be  responsible  for  two-level  systems  (TLS) 
in  amorphous  solids  (a  correlation  between  TLS  density  and  oxygen  vacancies 
concentration  has  been  reported  in  [1]. 

It  has  been  shown  earlier  that  such  defects  (” fluctuators^’)  can  be  responsible 
for  1  /f  resistance  noise  in  normal  state  actual  for  a  wide  temperature  range  [3],  In 
Josephson  structures  fluctuators  lead  to  a  critical  current  noise  [4].  Experimental 
data  for  weak  link  noise  in  high-Tc  SQUIDs  [5]  seem  to  be  in  agreement  with 
these  predictions. 

Here  we  would  like  to  point  at  the  fact  that  the  structural  relaxation  produced 
by  the  fluctuators  may  affect  most  of  superconducting  parameters  like  critical 
temperature  T^  magnetic  field  penetration  length  A,  "superconducting  carriers 
density”  Nj  etc.  because  all  the  parameters  in  question  are  sensitive  to  structure 
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(and  some  of  them  like  A  and  axe  as  weii  sensitive  to  normal  resistivity). 

We  have  studied  the  effect  of  the  fluctuators  on  superconducting  parameters 
in  question  within  a  framework  of  phenomenological  approach  taking  into  account 
a  contribution  to  Ginzburg  -  Landau  free  energy  due  to  coupling  with  fluctuators: 

5F  =  ^7.  |«|"a^n.  (1) 


(here  7j  is  a  dimensionless  parameter  describing  the  relative  influence  of  fl ac¬ 
tuator  on  the  superconducting  condensate,  a  is  a  characteristic  size  of  fluctuator 
(supposed  to  be  of  the  order  of  a  lattice  constant),  'P  is  an  order  parameter,  is 
an  occupation  number  of  upper  of  the  fluctuator  states.  It  has  been  shown  that 
the  parameters  in  question  exhibit  local  non- station  ary  fluctuations  with  a  flicker 
frequency  spectrum. 

It  was  shown  in  particular  that  the  very  value  of  the  critical  temperature  7A 
exhibit  local  fluctuations,  its  spatial  correlation  length  Cc  being  given  by  one  of 
the  static  disorder.  The  fluctuations  spectral  density  is  estimated  as 


^  Cc 


P  being  the  fluctuators  density  of  states.  It  is  natural  that  these  fluctuations  are 
most  important  at  temperatures  close  to  T-  Due  to  the  fact  that  a  resistivity 
near  the  superconducting  transition  is  a  function  of  the  quantity  (T  —  TA)  the  fluc¬ 
tuations  of  T,.  lead  to  fluctuations  of  resistance  R  having  a  peak  at  the  transition 
region  (where  a  derivative  (dR/dT)  has  a  peak).  Note  that  the  flicker  noise  peak 
at  T  ^  T,,  seem  to  be  typical  for  superconducting  bolometers  (see,  e.g.  [6])  and 
sometimes  is  prescribed  to  temperature  fluctuations.  It  can  be  shown  however 
that  the  later  can  not  explain  the  effect  in  wide  region  of  relatively  low  frequen¬ 
cies.  On  the  other  hand  the  estimates  within  a  framework  of  our  model  (which 
readily  accounts  for  the  1/f  spectrum)  a  noise  level  predicted  is  in  agreement  with 
existing  experimental  data. 

The  fluctuations  of  lead  in  its  turn  to  spatially  inhomogeneous  fluctuations 
of  Ns  (and  respectively  of  A.  Besides  one  should  note  that  W,  and  A  are  sensitive 
in  general  to  fluctuations  Sp  of  norma.1  resistivity.  Taking  these  considerations 
into  account  one  obtains  for  the  mean  fluctuations  5Ns,  S\  for  the  volume  V: 


26\  ,  8Ns  , 

— -j; 


I 


(3) 


where  i^^  a  coherence  length,  I  is  an  electron  mean  free  path.  The  fluctuations 
of  Ns  and  A  manifest  themselves  in  the  presence  of  external  magnetic  field  as 
some  redistribution  of  magnetic  flux  and  can  provide  magnetic  noise  actual  even 
ill  purely  Meissner  state  that  is  in  the  absence  of  vortices  jumps. 
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On  the  other  hand,  fluctuations  of  providing  local  changes  of  supercurrent 
energy  density  mv'jNs/2  (vs  being  superconducting  condensate  velocity)  modify 
the  value  of  energy  liecessa.ry  for  the  vortex  formation  which  can  be  considered 
as  local  fluctuation  of  critical  magnetic  field  For  the  films  that  are  not 

extremely  thin  that  is  for  which  the  vortex  line  is  influenced  by  many  fluctuators 
the  corresponding  mean  quadratic  fluctuation  can  be  estimated  as 


<{sih,r  >i 


1 

d  log  K 


iWf 


(4) 


Here  k.  is  Ginzburg  -  Landau  parameter  while  d  is  the  film  thickness.  This  factor 
providing  non-stationary  fluctuations  of  pinning  forces  imply  an  additional  source 
of  noise  in  vortices  structure.  Nou-exponential  fluctuator-induced  magnetic  re¬ 
laxation  has  been  considered  as  well. 

Until  now  we  have  considered  fluctuators  to  be  completely  independent  from 
the  superconducting  condensate  thus  being  some  ” external”  factor  with  respect 
to  the  superconductivity.  However  one  sees  that  the  coupling  given  by  Eq.  1 
provides  in  general  a  dependence  of  fluctuator  occupation  number  on  a  local  value 
of  the  order  parameter.  As  a  fact  one  deals  with  a  coupled  system  fluctuators  - 
condeiisate.  It  can  be  shown  in  particular  that  in  the  presence  of  a  supercnrrent 
with  a  superconducting  velocity  the  energy  spacing  between  fluctuator  states 
is  renormalized  by  an  addition 


AjU, 


(5) 


In  a  view  that  Vs  is  directly  related  to  magnetic  field  this  allows  one  to  prescribe  to 
fluctuators  some  ”magnetic  susceptibilities”.  As  a  result,  magnetic  response  of  the 
material  can  ma.nifest  slowly  relaxing  component  related  to  structural  relaxation 
connected  with  the  fluctuators.  E.g.  one  can  expect  the  presence  of  ”polaron- 
like”  dressing  of  the  vortices  by  fluctuators  rearranging  their  occupation  numbers 
due  to  renormalization  of  E  in  the  Vs  field  related  to  vortices. 

The  factor  discussed  above  may  provide  memory  and  slow  relaxation  effects  of 
different  sorts.  So  we  believe  that  at  least  some  of ’’glass- like”  behavior  observed 
for  high-Te  materials  may  be  due  to  structural  disorder  rather  than  due  to ’’glassy” 
vortices  structure. 

In  addition,  it  is  shown  that  the  fluctuators  coupling  with  the  superconducting 
condensate  provide  a  dependence  of  fluctuators  states  on  the  state  of  condensate 
e.g.  on  a  supercurrent.  As  a  result,  specific  ’’memory  effects”  can  exist  due  to 
structural  relaxation  in  question. 
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ABSTRACT 

A  percolative  model  which  simulate  the  behaviour  of  transport  properties  of  a 
ceramic  superconductor  HT^  (HTS)  when  subjected  to  an  electrical  current  and  a  mag¬ 
netic  field  is  presented.  The  model  is  a  percolative  one  and  takes  into  account  the  statistical 
distribution  of  the  normal  Josephson  junction  resistance  and  critical  temperature 
distribution  of  the  grains.  The  model  consider  the  superconductive  sample  as  a  3-di¬ 
mensional  random  resistor  network  with  the  value  of  the  resistance  computed  in  terms 
of  temperature,  magnetic  field  and  current.  Comparison  between  experimental  and 
theoretical  results  concerning  current  noise  and  resistance  hysteresis  under  magnetic  field 
is  given  and  discussed. 


1.  INTRODUCTION 

As  it  is  well  known,  as  a  consequence  of  their  internal  structure,  the  new  HTS 
display  strong  gi'anular  features  such  as  degradation  of  the  critical  cun-ent  density,  the 
broadening  of  the  resistive  transition,  and  a  large  current  noise  near  the  percolation 
threshold.  It  seems  that  the  granularity  influences  to  a  large  extent  the  behaviour  of  the 
ceramic  superconductor,  and  great  effort  has  been  devoted  to  its  mechanism  of  action^*^. 
This  paper  is  dedicated  to  the  same  task.  We  have  tried  to  gain  information  about  data 
and  dependencies  that  characterize  the  weak-links  which  couple  the  islands  of  strongly 
superconducting  material,  which  we  assume  as  being  Josephson  junctions.  This  was 
performed  by  fitting  the  dependency  of  the  elecdical  resistance  and  noise  on  magnetic 
field,  given  by  the  pericolative  model,  with  the  corresponding  experimental  data.  We 
consider  the  HTS  sample  as  consisting  of  a  large  collection  of  superconducting  grains 
linked  through  weak-links  of  the  Josephson  junction  type.  For  each  junction  the  resistance 
shunted  junction  modef  was  considered,  with  the  value  of  the  parallel  resistor  determined 
by  the  temperature,  cuirent  and  magnetic  field.  Considering  a  disnibution  of  the  coupling 
sti'engths,  infeiTed  from  the  distiibution  of  the  normal  state  resistance  of  the  Josephson 
junction  and  the  critical  temperature  distribution  inside  the  grains,  the  model  allows  us 
to  simulate  the  dependency  of  the  resistance  and  noise  on  a  looped  magnetic  field,  and 
to  make  quantitative  and  qualitative  assumption  on  the  microscopic  characteristic  of  the 
weak-links  and  on  the  sources  of  the  noise. 

2.  THE  MODEL 

We  consider  the  superconductor  as  a  system  of  superconductive  islands  arranged 
in  a  three  dimensional  network,  connected  by  the  Josephson  junction  links.  The  key 
feature  of  the  model  is  the  randomness  of  the  coupling  between  the  superconductive 
islands.  From  the  many  stochastic  pai*ameters  that  define  the  coupling  of  the  grains,  we 
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have  chosen  the  normal  resistance  of  the  Josephson  junction  and  the  critical  temperature 
of  the  grains,  that  we  think  as  being  directly  determined  by  the  fundamental  independent 
variable  of  the  Josephson  junction,  size  and  oxygen  content.  We  assume  that  the  normal 
state  resistance  obeys  a  lognoiTnal  distribution  and  that  the  critical  grain  temperature  a 
gaussian  one.  It  was  farther  assumed  that  the  variances  of  these  distributions  are  pro¬ 
portional  to  their  mean  values. 

Considering  that  the  key  feature  of  the  transition  region  from  normal  conductance  to 
superconductive  state  is  the  granularity,  we  assume  that  each  grain  becomes  supercon¬ 
ductive  when  the  temperature  drops  below  their  own  critical  temperature  and  the  inter¬ 
grain  junction  allows  the  current  to  flow.  This  happens  when  the  Josephson  coupling 
energy^  exceeds  the  thermal  energy  kgT  and  the  cuiTent  through  the  junction  does  not 
exceeds  a  critical  cuiTent  density.  This  condition  defines  the  critical  temperature  of  the 
Josephson  junction.  Taking  into  account  the  distribution  of  normal  state  resistance  of  the 
junction  and  of  the  critical  temperature  of  the  grains,  the  coupling  of  the  grains  follows 
a  certain  distiibution  function  and  the  superconductor  transition  becomes  a  bond  per¬ 
colation  problem^’^.  To  solve  this  problem  we  need  to  know  the  fraction  of  the  super¬ 
conducting  bonds  out  of  the  total  number  of  the  junctions  and  therefore  the  distribution 
function  of  the  coupling  events  between  two  grains. 

Three  simultaneous  conditions  have  to  be  met  for  the  occurrence  of  such  an  event.  The 
two  adjacent  grains  must  be  in  a  superconducting  state,  the  coupling  Josephson  energy 
to  exceed  the  thermal  energy^  and  the  current  through  the  junction  to  ht  less  than  a  critical 
value.  For  a  given  temperature  grater  than  T  they  will  be  in  a  superconducting  state. 
Considering  a  gaussian  random  distribution  of  the  critical  temperature,  with  mean  value 
and  variance  a,  the  probability  for  two  adjacent  grains  to  be  in  a  superconducting 
state  is: 


P  = 


20^ 


(1) 


for  //  =  0.  When  //  0,  we  have  to  evaluate  the  critical  current  4,  which  enters  the 

Josephson  energy 


with 


5,9-12 


T  -R. 


f  y  \ 
V  J 


1+2- 


(2) 


where  the  chai'acteristic  field  is  given  by  -  (jig/pi/L  with  d  =  2?^+  r,  the  effective 
junction  thickness,  X.  the  London  penetration  depth,  (jioflux  quanta,  t  the  banier  thickness 
and  L  the  junction  length^^  and  is  the  normal  state  resistance  of  the  junction.  From 
eq.  (2)  it  is  now  possible  to  evaluate  the  condition  for  a  Josephson  junction  to  be  open 
{E^  >  k^T)  and  thus  also  the  probability  that  a  cument  would  flow  through  the  junction. 
The  value  of  the  individual  intergrain  critical  current  depends  strongly  on  the  actual  value 
of  the  magnetic  field  in  the  junction  region.  But,  due  to  the  high  magnetic  field  used,  the 
results  would  be  complicated  by  the  penetration  of  the  flux  line  in  the  grains  themselves. 
So  that  the  local  field  in  the  junction  depends  not  only  on  the  value  of  the  external  field 
but  on  the  actual  distribution  of  superconducting  islands  and  the  intergrain  flux  too.  Since 
the  critical  intergrain  cui+ent  is  very  low,  several  order  of  magnitude  lower  then  the 
critical  cuiTent  density  inside  the  grains,  it  is  affected  to  a  negligible  extent  by  its  own 
magnetic  field  and  we  may  neglect  the  diamagnetic  induced  shielding  cun*ents  in  closed 
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loops  that  include  the  junction. 

The  intergrain  field,  which  depends  on  . the  external  field  and  on  the  probability  that  a 
junction  is  closed,  can  be  calculated  by  an  iterative  procedure  using" a  Simplified  model^'*. 
Once  the  percolation  probability  was  computed,  the  objective  functions  of  resistance  and 
current  noise  are  computed  in  a  straightforward  way.  For  each  bond  /J  of  the  random 
resistor  network  the  Kirchhoff  law  gives;  (V,  -  =  4-.  By  addition  of  all  the  equations 

for  the  node  /,  it  follows  that: 


5:;(V..-V.)a,=/,  (3) 

where  are  the  voltage  of  the  node  /,  the  cun*ent  through  the  bond  i-j  and  the 

conductivity  of  the  bond  /-y  respectively,  while,  /,•  is  the  total  current  through  the  node 
i.  The  expression  (3)  defines  a  set  of  n-1  equations  that  give  as  a  solution  the  voltage  of 
each  nodes  relative  to  one  node  considered  as  grounded.  The  equivalent  resistance  is 
computed  as  where  the  summing  is  performed  over  all  the  bonds  in  the 

network.  Noise  is  the  general  term  for  random  fluctuation  of  power  in  the  electrical 
systems.  Considering  that  in  our  percolating  network  each  resistance  fluctuates  in  time 
ai*ound  an  average  value  independent  from  the  other  resistances,  which  may  be  true 
due  to  the  short  coherence  length  in  the  ceramic  superconductors,  then  +  5;^. 

The  noise  power  specu-um  can  then  be  calculated  from  the  expression^^: 

=  (4) 

where  5>j(co)  is  the  power  spectrum  of  the  total  resistance  fluctuation  M,  while  S^co)  is 
the  power  spectrum  of  the  individual  junction  resistance  fluctuation 


I — -> 
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Fig.l.  Experimental  (•)  and  simulated  O 
values  of  the  resistence  versus  magnetic 
field. 


Fig.2.  Experimental  (•)  and  simulated  (®) 
values  for  the  relative  resistence 
fluctuation  noise  versus  resistance. 
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3.  RESULTS 

The  experimental  results^^  for  a  superconductive  specimen(YBCO),  that  display 
histeresis  behaviour  for  resistivity  and  noise  in  magnetic  field,  were  interpreted  using 
the  above  presented  model.  For  simulation  purpose  a  critical  temperature  of  the  gi'ains 

of  90  K  was  used  and  cuirent  density  of  !m  ^  at  77  The  magnetic  field  was  looped 
between  0  and  700  gauss.  The  estimates  of  the  junction  parameters  as  grain  size  and 
junction  thickness  was  taken  from  the  literature’ .  The  relative  variance  of  the  junction 
resistance,  the  variance  of  the  critical  temperature  distribution  and  the  phenomenological 
parameter  of  grain  inductance  were  taken  as  free  parameters  and  fitted  by  trial  and  error 
method. 

Multiple  trials  using  the  gaussian  normal  distribution  of  the  normal  junction  resistance 
were  unsuccessfully  for  a  lai'ge  range  of  the  variance  values.  Only  when  a  lognormal 
distiibution  was  chosen  an  acceptable  fit  of  the  resistence  versus  field  data  was  obtained 
for  value  in  the  range  (3.0-3.2)  for  relative  variance  =  (5i,J  <  InR  >  of  the  lognormal 
dismbution  of  the  normal  junction  resistance  and  around  3.5K  for  the  Oj,,  the  variance 
of  the  critical  temperature  resistance. 

The  intergrain  field,  which  depends  on  the  external  field  and  on  the  probability  that  a 
junction  is  closed,  can  be  calculated  by  an  iterative  procedure  using  a  simplified  model’"’. 
Some  preliminary  results  concerning  the  resistance  hysteresis  and  the  relative  resistance 
fluctuation  noise  ai'e  repoited  in  fig.l  and  fig.2  respectively.  The  simulated  results  are 
averaged  values  over  the  100  independent  runs  of  a  300  gi'ains  sample. 
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ABSTRACT 

In  the  past  many  debates  have  arisen  over  the  appearance  of  Ij p  voltage  spectra  in  the 
process  of  measuring  electrical  noise.  In  this  paper,  we  will  look  at  the  theory  of  resistance  drift 
causality  to  the  1/ p  spectra  and  how  the  measurement  system  affects  these  measurements. 
A  superconductor  operating  in  its  transition  region  is  a  perfect  test  case  for  examining  this 
area  since  vacancy  fluctuations  do  not  seem  to  occur.  We  can  generalize  that  an  acquired  1/ p 
signal  is  a  result  of  the  drifting  resistance  and  proceed  to  analyze  the  data.  Our  measurements 
indicate  that  the  traditional  theoretical  case  of  a  1/ p  spectra  resulting  from  a  simple  voltage 
ramp  due  to  resistance  drift  is  not  entirely  valid  in  a  real-world  meaisurement  system  because 
the  input  circuitry  to  the  amplifier  causes  attenuation.  An  mathematical  solution  for  the  effect 
of  drifting  resistance  when  coupled  with  the  input  circuitry  was  developed  and  fit  quite  well  to 
the  measured  signals. 


INTRODUCTION 

The  cause  of  1/ p  signals  in  electrical  noise  measurements  has  been  a  topic  of  hot  debate 
in  the  reliability  field  [1-3]  with  one  school  of  thought  advancing  the  notion  that  the  drifting 
resistance  present  during  the  sample  measurement  will  cause  a  1/p  spectra  and  the  other 
side  theorizing  that  vacancy  fluctuations  are  the  cause  of  the  1/p  spectra.  When  we  were 
measuring  noise  in  aluminum  interconnects,  the  resulting  1/ p  spectra  was  compared  to  both 
theories,  and  if  the  magnitude  of  the  noise  was  near  the  resistance  drift  theoretical  model  then 
we  would  assume  that  the  noise  of  the  vacancy  fluctuations  was  masked  out  by  the  resistance 
drift.  On  the  other  hand,  if  the  1/ p  signal  had  a  much  larger  magnitude  than  the  drifting 
resistance  theory  then  we  would  assume  that  the  vacancy  fluctuations  were  the  cause  of  the 
signal.  A  problem  arose  when  the  measured  1/ p  signal  was  two  orders  of  magnitude  below'^  the 
resistance  drift  theoretical  case.  This  theory  is  very  simple  to  prove  (and  is  developed  later  in 
the  paper)  and  the  results  were  puzzling.  In  order  to  verify  if  the  resistance  drift  theory  was 
true  for  our  measurements,  a  method  of  causing  resistance  change  in  the  transition  region  in  the 
superconductor  was  developed,  where  we  could  control  a  fairly  large  resistance  change  without 
worrying  about  side  effects  such  as  vacancy  fluctuations  [4~5].  These  results  were  also  an  enigma 
until  the  theory  of  the  resistance  change  causing  a  1/ p  signal  was  rethought  and  applied  to 
our  measurement  system.  This  research  also  has  a  second  added  benefit  because  a  practical 
superconducting  device,  the  bolometer,  will  operate  in  the  transition  region  on  the  principal 
of  changing  resistance  and  traditional  noise  measurements  for  bolometer  characterization  have 
been  in  the  static  case  where  the  temperature  is  at  equilibrium.  Our  results  show  that  the  noise 
measurements  in  the  dynamic  case  of  the  bolometer  under  operation  should  be  performed  since 
a  different  type  of  signal  arises  in  the  operational  phase. 

EXPERIMENTAL  METHOD 

In  order  to  measure  the  superconductor  in  its  transition  region  under  a  linear  resistance 
change,  we  had  to  find  the  most  linear  part  of  the  transition  curve  and  operate  our  measurements 
in  this  area.  Our  sample  had  a  fairly  linear  dR/dT  in  the  center  of  the  transition  region  which  we 
called  Region  1  and  AT  =  IK.  In  order  to  assure  that  the  measurement  system  itself  was  not  the 
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^  Region  2  in  the  normal  state  of  the  superconductor  was  selected  where  the 

fo  il  Figure  1  shows  the  resistance-temperature 

[H-I )  curve  for  our  thin-film  sample  with  the  Regions  I  k2  defined. 

c  measurements,  we  used  a  c-axis  YBaCuO  thin-film  sample  with  a  thickness 

of  3000A  and  d^Mited  on  a  SrTiOg  substrate.  The  sample  was  placed  in  an  evacuated  chamber 
in  a  Jams  6NDT  Cryostat.  A  Lake  Shore  805  Temperature  Controller  was  used  for  the  crucial 
part  of  regulating  the  temperature  to  ensure  a  linear  resistance  change  and  a  computer  was 
connected  to  delicately  control  the  temperature.  The  sample  was  biased  using  ultra-low-noise 
gel  cells  along  with  a  wire-wound  resistor  for  current  control.  The  signal  was  fed  into  a  PAR 
1900  transformer  coupled  to  a  PAR  113  low-noise  amplifier  for  impedance  matching,  and  the 
output  of  the  amplifier  went  to  an  HP3561  Spectrum  Analyzer  for  data  acquisition.  Figure  2 
shows  the  noise  traces  for  Regions  1  k  2  which  were  measured  at  10mA.  The  Region  1  traces 
shows  a  1//  signal  and  Region  2  has  a  1//  signal.  The  signal  in  Region  1  is  about  3-4  orders 
of  magnitude  lower  than  what  was  expected  from  the  resistance  change  theory  leading  us  to 
pursue  a  different  solution  to  the  1/ p  signal  and  its  relation  to  resistance  change. 


Figure  1.  fl  vs.  T  curve  for  the  sample  used  in  this 
experiment.  Region  1  indicates  a  large  dRfdT  in  the 
superconducting  transition  region.  Region  2,  in  the  nor¬ 
mal  conducting  region,  has  a  dRfdT  which  is  relatively 
small. 


Figure  2.  Noise  voltage  spectral  density  (5k)  vs.  Fre¬ 
quency  (f)  plot  for  the  two  regions  shown  in  Figure  1. 
Region  1  where  dRfdT  is  large  has  5k  oc  1/ /'  whereas 
Region  2  where  dRfdT  is  small  has  5k  oc  I//'“. 


THEORETICAL  DEVELOPMENT  OF  l//^  SIGNAL 
1.  Fourier  Analysis 

The  development  for  the  resulting  signal  from  a  resistance  change  is  developed  from  simple 
Fourier  analysis  [1]  If  we  consider  a  sample  that  has  a  base  resistance  of  and  the  resistance 
change  linearly  with  time  (tf/?/rfT=constant)  is  given  as  Af?.  Then  we  can  say  thatX  tXl 
resistance,  during  the  measurement  at  any  given  time,  t,  is  represented  as  R(t)  =  Rn  +  l^Rl 

through  the  sample,  the  resulting  voltage  is  given  by 
(  )  //to  +  /A/?f).  Applying  the  complex  coefficient  part  of  Fourier  analysis,  we  get  for  Cn, 


1 

jT  J  /A/t<exp[-jnwo<]  di  = 


lAR 


The  portion  of  the  signal  resulting  from  the  IRq  constant  will  be  a  spike  at  OHz  and  is  essentially 
rfthe  the  Fouritrco^ffi"^^^^^  voltage  spectrum  ofasignal  can  be  written  in  the  terms 


Sv(f)  = 


2roc;c„  =  2To 


P(ARf 

(2,r/)2 
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This  equation  shows  that  the  spectrum  is  dependent  upon  three  variables  To  (measurement  time, 
usually  constant),  I  (current,  usually  a  control  variable),  and  AR  (the  change  in  resistance  over 
time,  the  active  variable).  This  development  is  valid,  but  it  is  very  hard  to  find  where  it  has 
been  proved  by  experiment  successfully.  In  the  case  of  the  superconductor  in  the  transition 
region  we  had  /=10mA,  To=80  sec,  and  we  measured  AR  =  0,05  fi/s.  Applying  these  numbers 
to  the  theory  we  would  get  5'v(l  Hz)  =  1.01  x  10“^  V^/Hz=~69.9  dB.  Yet,  looking  at  Figure 
2,  one  can  see  that  the  measured  signal  is  not  anywhere  near  that  number,  the  experimental 
magnitude  was  5v(l  Hz)  -  1.92  x  10"^^  V^/Hz-- 147.2  dB.  This  is  a  very  clear  discrepancy, 
where  Sv  ,  rr=  -69.9  ~  147.2  =  -77.3  dB  which  is  between  3  and  4  orders  of  magnitude  lower. 

r" 

2.  Circuit  Analysis 

Since  we  saw  discrepancies  in  both  the  aluminum  interconnect  and  the  superconducting  thin- 
film  \/p  measurements,  a  look  at  the  defining  theory  was  in  order.  From  observing  the  Fourier 
analysis,  it  is  assumed  that  the  analysis  is  done  on  the  original  ramp  signal,  but  a  ramp  signal 
has  DC  components  that  will  be  affected  by  the  input  circuitry  to  the  amplifier.  For  our  noise 
measurements,  our  input  circuit  to  the  amplifier  consists  of  an  equivalent  resistance  made  up  of 
the  reistance  of  the  sample  plus  the  changing  resistance,  a  large  blocking  capacitor  is  used  to 
keep  DC  current  in  the  sample  from  “magnetizing”  the  transformer,  and  the  transformer  which 
is  an  equivalent  inductance  to  the  amplifier.  Figure  3  shows  the  equivalent  circuit  for  the  input 
to  the  amplifier,  with  I  =  10mA,  AR  -  O.OOlQ/s,  C6=25000/iF  and  Rb=h\3s  resistor=r2500  Q. 


Figure  3:  Typical  circuit  for  resistance  change  experiment. 


From  Figure  3,  if  we  take  the  voltages  across  the  circuit  elements  and  lump  them  together, 
we  get 

Vt(<)  =  VDcirii)/ Rb)  =  r{t)i  +  —  J  i  dt~\-  L~ 

where  r{t)  =  Rq-\-  ARt.  If  we  take  the  time  derivative  of  both  sides  and  rearrange  the  variables, 
we  get  a  second  order  nonlinear  equation  of  the  form, 

dH  r{t)di  1 

dt^  L  dt^  LC'~  LRt 


This  equation  is  not  of  a  “special”  form,  so  the  equation  has  to  be  developed  for  a  solution  to  this 
PDF.  A  method  which  adapts  itself  well  to  this  equation  is  the  WKBJ  approximation  [6]  where  a 
change  of  variable  is  used  to  get  a  linear  second  order  equation  of  the  form  +  R^{t)i  — 

Q{i)  where 


ARVpc 

LRb 


and  the  change  of  variable  gives  i  =  t/exp  [-  f  P(i)  dt].  This  equation  is  then  applied  to  the 
variation  of  parameters  method  which  will  give  a  solution  for  y  of 


■  1  Rl-\-ARH^  RoA 
LC  4L2  L 
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This  equation  is  then  solved  by  finding  a  complementary,  yc,  and  a  particular,  solution.  In 
this  case,  yc  for  our  measurements  times  is  negligible  when  transferred  back  to  i  for  the  solution. 
The  particular  solution,  ip,  is  the  saving  grace  to  this  analysis  where 


— i yi 

yiy2~yiy2  J 


- - - dt  y2 

yiy2-yiy2  J 


where  N  =  {ARVdc / LR^)  exiy[{RQ/2L)t  +  (AR/4L)i'^  =  10“®  exp[0.5t  +  2.5  x  10~H\  After 
working  through  the  equations  and  converting  y  back  to  i,  our  solution  becomes 


i  =  9.45  X  10' 


3.37  X  10~^4  +  9.78  x 


vl  =  Vo  =  L—  =  -3,37  X  10  -f  1.96  x  10 
dt 

The  DC  portion  of  dl  is  filter  out  by  the  analyzer,  so  our  modified  signal  is  given  as  vl  — 
1.76  X  10~®C  So  we  still  have  a  ramp  signal  to  perform  an  FFT  on,  it’s  just  that  the  signal  is 
much  different  than  the  ramp  signal  in  the  DUT.  Applying  our  Fourier  solution  for  the  ramp 
signal,  we  get 

S’v/(1  Hz)  =:  1.26  X  10-^^  (VVHz)  =  -169  dB 

Comparing  this  to  our  original  ramp  where  AR,  -  O.OOlfl/s,  T  -  ^0  sec,  and  I  =  10mA,  we  get 

A  d2  t2 

^''ong  =  =  4.05  x  10-'»  (  VVH.)  =  -93.9  dB 

This  gives  a  difference  in  expected  over  measured  noise  voltage  to  be 

”93.9  -  (-169.0)  =  75.1  dB 

These  results  were  clarified  using  measurements  on  aluminum  thin-films  at  cryogenic  tem¬ 
peratures  to  keep  out  vacancy  fluctuations.  In  all  five  samples  measured,  all  differences  were 
with  5%  of  75.1dB.  The  superconductor  also  proved  to  be  a  good  example,  as  reported  in  the 
earlier  section,  there  was  a  difference  of  about  77dB  between  the  traditional  resistance  drift 
theory  and  the  experimental  data,  and  this  seems  to  fit  quite  well  with  the  analysis  presented 
here. 

This  analysis  can  be  found  in  full  development  in  Appendix  A  of  Ref  [2].  It  should  also  be 
noted  that  the  75dB  benchmark  is  for  our  particular  measurement  system.  Since  the  analysis 
was  long,  numerical  values  were  plugged  in  early  in  the  development  to  assist  in  approximations 
and  bookkeeping. 
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ABSTRACT 

In  this  paper  we  will  present  a  comparison  of  DC  and  electrical  noise  characteristics  of 
high-temperature  superconductor  thin-films  with  differing  preferred  axes  of  orientation.  Four 
thin-film  samples  were  thoroughly  studied,  two  of  c-axis  and  two  of  a-axis  orientation.  All 
films  were  YBaCuO  superconducting  material  on  strontium  titanate  (SrTiOs)  substrates.  The 
R-T,  I-V,  and  electrical  noise  properties  were  measured  for  each  of  the  films  and  comparisons 
were  made  between  the  films.  The  experimental  data  was  compared  with  current  hypotheses  on 
conduction  and  crystal  structure.  Our  preliminary  results  show  that  from  the  DC  and  electrical 
noise  measurements  that  the  c-axis  films  are  much  better  than  a-axis  films  in  applications  where 
sensitivity  and  sharp  transition  is  an  important  factor. 

INTRODUCTION 

The  issue  of  noise  measurements  in  high-temperature  superconductors  becomes  more  critical 
as  practical  devices  such  as  bolometers  and  magenetometers  are  put  into  operation.  These 
types  of  devices  are  basically  detection  devices  where  the  minimum  sensitivity  is  defined  by  the 
noise  present  in  their  operational  region.  The  YBaCuO  superconducting  material  is  a  great 
candidate  for  such  devices  and  with  its  anisotropic  properties,  the  issue  of  differing  properties  in 
the  differing  axes  of  orientation  becomes  important.  Characterizing  those  samples  based  upon 
their  preferred  axis  may  help  determine  which  type  of  film  will  be  better  for  applications  where 
sensitivity  is  a  defining  criterium  for  device  selection.  Several  researchers  [1-7]  have  measured 
electrical  noise  in  YBaCuO  superconductors  and  we  will  attempt  to  quantify  their  findings, 
along  with  our  own,  in  defining  device  quality  and  performance. 

SAMPLE  SELECTION 

The  samples  used  for  this  study  consisted  of  2  c-axis  oriented  YBaCuO  films  (one  with 
1400 A  thickness,  the  other  with  3000A  thickness)  deposited  on  SrTiOa  substrates  with  (100) 
orientation.  The  other  2  samples  were  a-axis  oriented  YBaCuO  films  (both  with  3000A  thick¬ 
ness)  deposited  on  (110)  SrTiOa  substrates.  The  films  were  inspected  using  X-ray  diffraction 
and  found  to  be  >90%  of  the  preferred  axis  in  all  films  used.  The  films  all  had  four  contacts 
(arranged  linearly)  made  of  silver  paste  and  added  during  the  final  anneal  process.  The  contacts 
were  arranged  in  Kelvin  connection  fashion  for  the  resistance,  voltage,  and  electrical  noise  mea¬ 
surements.  Figure  1(a)  shows  a  typical  sample  layout.  Table  1  shows  a  list  of  the  samples  used 
and  their  associated  properties.  Samples  #2  &  #3  were  both  fabricated  from  the  same  piece 
of  bulk  material  with  the  same  thickness  and  planar  dimensions,  and  made  consecutively  in  the 
same  chamber  in  order  to  keep  all  parameters  the  same  except  the  preferred  axis  of  orientation. 


EXPERIMENTAL  METHOD 

The  range  of  experiments  made  on  these  samples  ranged  from  resistance-temperature  {R- 
T)  over  a  wide  current  range,  current-voltage  (I-V)  throughout  the  temperature  range  of  the 


©  1993  American  Institute  of  Physics 


115 


116  Noise  Measurements  in  YBa2Cu307 


Table  1:  YBaCuO  thin-film  samples  used 


Stnontitim  Titanate  Substratt; 


Figure  1:  Sample  configuration  (a)  and  experimental  setup  (b)  for  electrical  noise  measurements. 

transition  region,  and  electrical  noise  measurements  at  several  current  levels  also  throughout 
the  temperature  range  of  the  transition  region  and  beyond. 

The  R~T  measurements  were  made  at  current  levels  ranging  from  1  mA  up  to  the  critical 
current  of  each  sample.  The  results  from  Film  #1  show  a  rather  low  transition  temperature 
compared  to  Film  #2  but  it  still  had  a  relatively  sharp  transition. The  discrepancies  in  these 
results  are  probably  due  partially  to  the  rather  small  thickness  of  Film  #1  and  the  fact  that 
Film  #1  was  made  a  couple  of  months  before  the  other  films  when  the  film  growth  process  was 
in  its  start-up  phase.  The  results  for  Films  #3  k.  #4  were  nearly  identical  as  expected  since 
they  were  of  the  same  thickness  and  axis  orientation,  but  had  much  more  broader  transitions 
than  the  c-axis  films.  Figure  2  shows  a  comparison  of  R-T  curves  at  10mA  for  Films  ^2  h 
#3  (the  two  films  with  all  similar  parameters  except  preferred  axis.)  The  graph  clearly  shows 
that  the  transition  temperature  of  the  c-axis  film  is  greater  than  that  of  the  a-axis  film,  the 
c-axis  film  has  a  much  sharper  transition,  and  it  also  has  a  much  lower  normal  state  resistance. 
These  three  phenomena  related  to  the  films  were  predicted  by  Hickman,  et  al  [7]  using  the 
Kosterlitz-Thouless  theory  showing  the  formation  of  elliptical  vortices  in  anisotropic  thin-films. 
Also,  Penney,  et  al  [8]  did  some  preliminary  measurements  on  single  crystal  YBaCuO  and  he 
found  that  the  a-b  plane  (which  is  the  c-axis  film  conduction  plane)  had  a  much  lower  resistivity 
than  that  of  the  b~c  plane  (a-axis  conduction  plane.) 

The  electrical  noise  measurements  of  these  sam])les  is  probably  the  most  important  from  a 
device  development  standpoint.  The  electrical  noise  measurements  were  taken  as  power  spectra 
over  a  range  from  1-51  Hz  at  various  current  levels  and  temperatures  for  each  film.  This  process 
is  the  most  time  consuming  and  the  most  delicate  so  many  precautions  were  taken  to  ensure 
that  all  the  data  used  for  analysis  was  “good”.  The  current  was  biased  in  the  circuit  using  a 
series  combination  of  Gel  cells  at  24V  with  a  large  bias  resistor  (wire-wound)  to  block  out  the 
effects  (if  any)  of  contact  noise.  The  current  was  applied  and  the  measurement  temperature  was 
allowed  to  come  to  equilibrium  before  the  power  spectra  was  taken. 

After  all  the  data  was  collected  for  each  sample,  the  noise  voltage  spectral  density  (in  V"/Hz) 
was  extracted  at  lOHz  from  each  trace  and  plotted  as  a  function  of  temperature  to  get  a  look  at 
how  the  electrical  noise  levels  change  in  the  transition  region.  Figure  3  shows  a  typical  graph  of 
noise  voltage  spectral  density  (Sy)  vs.  temperature  (T)  for  Film  #1  at  various  current  levels. 
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The  graph  shows  that  the  Sv  is  not  very  “stable”  in  the  transition  region  and  this  phenomena 
may  be  due  to  vortex  “modes”  in  this  part  of  the  transition  process.  These  peaks  were  evident 
in  the  other  samples  but  not  nearly  as  pronounced  as  in  the  thinnest  film.  Plotting  the  nor¬ 
malized  noise  voltage  spectral  density  (Sv  fV’^,  where  is  the  square  of  the  voltage  applied 
across  the  device  under  test)  vs.  temperature  allows  a  better  picture  for  comparison  between 
samples  since  it  helps  to  nullify  the  effects  of  geometry  and  resistance  that  affect  the  magnitude 
of  the  noise.  Figure  2  shows  a  comparison  between  Sv  vs.  T  (along  with  the  R-T  curves  for 
guide)  of  Films  if  2  h  #3.  From  the  graph,  it  is  evident  that  the  a-axis  film  has  a  much  higher 
normalized  noise  than  the  c-axis  film  (about  4  orders  of  magnitude  higher)  which  means  the 
sensitivity  of  an  a-axis  film  would  be  much  less  than  that  of  a  similar  c-axis  film.  This  result 
was  predicted  by  Testa,  et  al  [4],  who  hypothesized  that  the  conduction  in  a  c-axis  film  takes 
place  in  the  metallic-like  a-b  planes  whereas  in  an  a-axis  film  the  conduction  takes  place  in  the 
a/b-c  planes  where  the  mechanism  of  conduction  is  a  semiconductor-like  hopping  behavior  and 
semiconductors  generally  exhibit  much  higher  noise  than  metallic  conductors. 


80  85  90  95  100 

Temperature  (K) 


Figure  2:  Comparison  of  R-T  (at  lOrnA)  and  Sv/V^  vs.  T  (at  10mA)  graphs  for  YBaCuO 


80 


Temperature  (K) 


96 


Figure  3:  Noise  voltage  spectral  denisty  (Sv)  vs.  Temperature  (T)  for  Film  if  I  at  various 


current  levels. 


Much  debate  has  also  arisen  from  researchers  (Black,  et  al  [5])  who  claim  that  the  electrical 
noise  observed  in  the  films  is  merely  a  consequence  of  resistance  fluctuations.  In  order  to  see  if 
this  is  true,  the  normalized  noise  is  plotted  against  /?  where  /?  =  {1/ R)dR/dT  on  a  log-log  scale. 
If  the  slope  of  this  line  is  around  two,  then  one  can  make  the  assumption  that  the  measured 
noise  is  a  result  of  resistance  fluctuations.  Figure  4  shows  a  plot  of  the  typical  Sv/V^  vs.  (S 
for  Film  #1  at  10mA.  The  slope  is  much  greater  than  2  (about  5.68)  and  this  was  true  for  all 
samples  measured.  Table  2  shows  the  j3  values  at  10mA  for  each  of  the  samples.  Rosenthal,  et 
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lablc  2;  lable  of  /?  powers. 


Film 

Beta 

No. 

Power 

1 

5.68 

2 

4.40 

3 

7.68 

4 

8.46 

Figure  4:  5V/V^^vs.  (3  for  Film  #l  at  lOinA. 


al  [6]  found  slopes  in  his  a-axis  sample  to  be  in  tlie  neighborhood  of  30.  So,  it  is  reasonable  to 
say  tliat  the  noise  in  our  samples  was  not  a  result  of  resistance  fluctuations. 

1  he  data  collected  for  the  I-V  measurements  is  very  interesting  and  seems  to  fit  the 
Kosterlitz-Thouless  theory,  but  currently  no  relation  with  electrical  noise  measurements  has 
been  found,  though  we  are  pursuing  theoretical  work  in  this  area. 


CONCLUSIONS 


Measurements  were  made  on  four  YBaCuO  superconducting  thin-films  in  the  R-T,  1-V,  and 
electrical  noise  areas.  As  predicted  our  a-axis  films  had  a  much  lower  transition  temperature,  a 
broader  transition  region,  and  much,  much  higher  noise  than  comparable  c-axis  films.  For  this 
reason,  our  conclusion  is  that  c-axis  films  are  much  better  for  applications  such  as  bolometers 
and  magnetometers  where  minimal  noise  is  a  defining  property  for  device  quality  and  a  sharp 
transition  is  necessary.  Also,  the  mechanism  for  the  electrical  noise  is  not  clearly  understood 
at  this  time,  though  current  work  with  the  I~V  data  and  the  Kosterlitz-Thouless  theory  may 
shed  some  light  in  that  area.  We  are  confident  that  the  electrical  noise  is  simply  a  result  of 
resistance  fluctuations. 

I’his  work  was  partially  supported  by  the  DARPA  High-Temperature  Superconductor  Ini¬ 
tiative.  The  authors  would  like  to  thank  Drs.  Lou  Testardi  and  C.L.  Chang  who  provided  the 
samples  from  the  Florida  State  University.  We  would  also  like  to  thank  Dr.  IF  Hickman  and 
Dr.  A.J.  Dekkcr  who  helped  provide  the  theoretical  foundation  for  our  experiments. 
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ABSTRACT 

We  conducted  detailed  systematic  studies  on  the  properties  of  low  frequency 
noise  in  YBCO  thin  films  near  the  transition  region.  Detailed  studies  on  the  depen¬ 
dences  of  the  low  frequency  noise  on  the  biasing  current,  dRfdT^  and  spatial  correlation 
were  conducted.  It  was  shown  that  the  measured  voltage  noise  power  spectra  were  pro¬ 
portional  to  P  and  {dRIdTy,  and  were  correlated  over  a  spatial  separation  of  300  fim. 
Also,  the  voltage  noise  power  spectral  densities  exhibit  a  lower  cutoff  frequency  of  5  Hz, 
in  excellent  quantitative  agreement  with  the  cutoff  frequency  predicted  by  the  Thermal 
Fluctuation  model.  The  experimental  results  provide  strong  evidence  that  the  low  fre¬ 
quency  excess  noise  in  the  device  originated  from  equilibrium  temperature  fluctuations. 


INTRODUCTION 

In  this  paper  we  examine  the  underlying  mechanism  of  low  frequency  ex¬ 
cess  noise  in  YBCO  thin  films  on  LaAlOs  substrates  near  the  transition  temperature. 
Prompted  by  the  success  of  the  Temperature  Fluctuation  model  [1,  2]  in  conventional 
superconductors  at  the  transition  region,  we  conducted  detailed  studies  to  examine  the 
validity  of  the  model  in  our  samples. 

The  Thermal  Fluctuation  model  states  that  low  frequency  excess  noise  arises 
from  local  temperature  fluctuations  in  the  device  which  modulate  the  device  conduc¬ 
tance  according  to  the  parameter  P  =  dRjdT.  First  principle  calculation  of  the  tem¬ 
perature  noise  power  spectral  density  was  shown  to  be 


in  which 


StH)  0^  Constant  /  <C  /i 

ln(l//)  /i  <  /  <  /2 

l//“"  h<f<h 
i/r=  h  « /, 


(1) 


fi  =  DI4KLl  i  =  1,2,3 


(2) 
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where  Z-i,  L2  and  Z-s  are  the  length,  width  and  thickness  of  the  device  respectively,  and 
D  is  the  thermal  diffusivity  of  the  material.  The  voltage  noise  power  spectral  density 
for  a  device  under  constant  current  bias  was  shown  to  be 

Svif)  a  -—StU)  (3) 

where  /  is  the  current  bias,  and  ft  is  the  volume  of  the  sample.  In  addition,  it  was 
shown  that  temperature  fluctuations  follow  a  diffusion  mechanism  and  the  noise  is  thus 
correlated  over  a  distance  given  by  Lc  —  \/D  ji: f  ^  where  Lc  is  the  correlation  length. 

EXPERIMENT  AND  RESULTS 

The  samples  were  provided  by  AT&T  Bell  Laboratories,  fabricated  by  e- 
beam  co-evaporation  on  LaAlOs  substrates.  Systematic  measurements  of  voltage  noise 
from  two  segments  of  a  YBCO  micro-strip  line  were  conducted  with  the  device  under 
constant  current  bias.  The  fluctuating  voltages  were  coupled  to  two  PAR1900  trans¬ 
formers  before  being  amplified  by  the  PARI  13  low  noise  pre-amplifiers.  The  amplified 
noise  was  then  fed  to  the  HP35665A  dual  channel  dynamic  signal  analyzer  for  spectral 
and  correlation  analyses.  The  entire  experimental  set  up  was  placed  on  a  vibration 
isolation  table  located  in  a  shielded  room.  Temperature  stability  of  the  samples  was 
maintained  to  within  50  mK. 

The  Tc's  of  the  samples  we  studied  were  about  91.8  K.  Typical  R-T  and 
dRjdT-T  characteristics  are  shown  in  Fig.  1.  In  which  dR/dT  was  found  to  peak  at 
~  91.35  K.  Typical  voltage  noise  power  spectral  densities  exhibit  a  lower  cutoff  frequency 
at  ~  5  Hz,  below  which  the  noise  power  spectra  become  constant  as  shown  in  Fig.  2. 


Fig.  1  The  temperature  dependence  of  the 
resistance,  R,  and  dRfdT  in  YBCO  thin 
film  at  /  =  50/xA. 
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Fig.  2  Voltage  noise  power  spectral  den¬ 
sities  Svif)  at  r  =  91.65  K  for  (a)  the 
background  noise;  (b)  /  =  10//A;  and  (c) 

I  =  50M- 


Little  change  was  observed  in  the  cutoff  frequency  over  the  entire  temperature  and 
biasing  range  of  the  experiment.  The  device  temperature  for  this  case  was  91.65  K 
and  curves  (a),  (b)  and  (c)  correspond  to  voltage  noise  power  spectral  densities  at 
/  =  0,  10,  and  50/iA  respectively.  Using  published  values  of  the  thermal  diffusivity, 
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D  ^  2x  10~^cni“s"^  at  90  K  [3],  we  computed  the  lower  cutoff  frequency  following  Eq,  2 
for  a  segment  length  L\  =  150^m.  We  found  that  /i  ~  7  Hz,  which  has  an  excellent 
agreement  with  our  experimentally  observed  cutoff  frequency.  The  magnitudes  of  the 
voltage  noise  power  spectra  were  found  to  vary  as  P  as  shown  in  Fig.  3  in  which  we 
have  presented  the  results  for  three  different  temperatures  —  91.04,  91.18,  and  92.16  K. 
The  P  dependence  of  the  voltage  noise  power  spectra  shows  that  the  noise  originated 
from  an  equilibrium  process  as  in  the  case  of  local  temperature  fluctuations.  To  further 
investigate  the  validity  of  the  model  we  studied  the  dependence  of  Sv(f)  on  P  at  different 
current  biases.  Typical  results  are  shown  in  Fig.  4  in  which  (3‘^  dependence  of  the  voltage 
noise  power  spectra  for  a  wide  range  of  current  biases  was  observed. 


■bias  (|iA) 

Fig.  3  Voltage  noise  power  spectral  den¬ 
sities  Svi^Hz)  versus  at  T  =  91.04  K 
(solid  triangle),  91.18  K  (solid  diamond) 
and  91.65  K  (solid  square). 


Fig.  4  Log  {Svi^Hz))  versus  Log  (dRfdT) 
for  I  =  20/iA  (solid  triangle),  50  /iA  (solid 
square),  and  200  fiA  (open  circle). 


One  of  the  most  important  tests  for  Temperature  Fluctuation  model  is  the 
measurement  of  spatial  correlation  in  the  noise.  This  is  because  equilibrium  temperature 
fluctuation  was  shown  to  be  governed  by  a  diffusion  mechanism  [2],  resulting  in  the  spa¬ 
tial  correlation  of  the  fluctuations  over  a  distance,  Xc-  To  investigate  this  phenomenon 
we  conducted  detailed  experiments  to  study  the  coherence  factor  of  the  low  frequency 
noise  over  two  different  segments  in  a  sample  separated  by  a  distance  of  300  ^m.  The 
frequency  dependent  coherence  factor  is  given  by 


C{f)  = 


^vcif) 

sviif)Sv2{fy 


(4) 


where  Svcif)  is  the  voltage  cross-spectral  density,  and  Svi(f)  and  Sv2{f)  are  the 
voltage  noise  power  spectral  densities  of  the  two  segments.  The  coherence  factor  of 
the  low  frequency  noise  presented  in  Fig.  5,  in  which  curves  (a)  and  (b)  correspond  to 
coherence  factors  of  the  device  at  T  —  91.18  and  91.65  K  respectively  for  /  =  2  /xA. 
The  drop  in  the  coherence  factor  for  /  >  7  Hz  was  due  to  the  domination  by  the  system 
noise.  The  experimental  results  clearly  indicate  that  the  low  frequency  excess  noise  over- 
the  two  segments  were  correlated.  This  demonstrates  that  the  low  frequency  noise  was 
governed  by  a  diffusion  mechanism  as  predicted  by  the  Thermal  Fluctuation  model. 

It  is  interesting  to  compare  our  experimental  results  with  quantum  1//  noise 
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theory.  Using  a  Hooge’s  parameter  of  2  x  10“^  we  obtained  a  fundamental  noise  power 
spectral  density  of  for  I  =  2^A  and  /  =  5  Hz  at  91.18  K,  about  four 

orders  of  magnitude  smaller  than  our  measured  noise  level. 

1 


5  0,5 


0 


Fig.  5  The  coherence  factor  versus  fre¬ 
quency  at  /  =  2/rA  for  T  ~  91.65  K  (a), 
and  91.18  K  (b)  respectively. 


CONCLUSION 

We  have  conducted  experimental  studies  on  the  low  frequency  noise  in 
YBCO  thin  films  near  the  transition  temperature.  Our  results  show  that  the  volt¬ 
age  noise  power  spectra  vary  as  P  and  {dRIdTf.  Moreover,  the  noise  was  found  to 
be  correlated  over  a  distance  of  300  fim.  These  phenomena  can  only  be  explained  by 
the  Temperature  Fluctuation  model.  Also,  an  excellent  quantitative  agreement  between 
the  experimental  and  the  computed  cutoff  frequency  based  on  the  Temperature  Fluc¬ 
tuation  model  has  been  established.  Our  experimental  results  provide  strong  evidence 
that  low  frequency  noise  in  YBCO  thin  films  near  the  transition  region  originated  from 
equilibrium  local  temperature  fluctuations. 
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ABSTRACT 

Comparative  noise  studies  of  YBaCuO  films  produced  by  laser  evapora¬ 
tion  and  magnetron  sputtering  on  SrTiOs,  LaAlOa,  NdGaOs,  AI2O3,  YSZ, 
MgO/BaSrTiOs,  Si/Zr02  substrates  have  been  carried  out.  Noise  spectra  in 
the  frequency  range  1  Hz-1  MHz,  temperature  dependence  of  noise  in  temper¬ 
ature  range  78-300  K,  current,  resistance  and  magnetic  field  dependences  have 
been  measured.  Two  components  of  excess  1//  noise  have  been  distinguished. 
The  possible  origins  of  noise  are  discussed. 

INTRODUCTION 

Successful  results  in  HTSC  applications  in  low-current  cryoelectronics  are 
basically  attributed  to  low-noise  films  manufactured  from  those  materials.^  The 
present  work  was  aimed  to  comparative  noise  studies  of  high-quality  YBaCuO 
films  manufactured  by  various  methods  with  substrates  of  different  types.  The 
films  were  previously  selected  according  to  their  structural  quality.  The  applied 
nature  of  this  work  is  related  to  the  developments  of  new  bolometers  of  nytrogen 
cooling  level  which  determined  the  choice  of  YBaCuO  films  deposited  on  sub¬ 
strates  made  of  the  most  prospective  materials  for  bolometer  manufacturing.^ 

SPECIMENS  AND  EXPERIMENTAL  TECHNIQUES 

The  films  YBa2Cu3  07_x  have  been  investigated.  The  films  on  SrTiO3(100), 
Al2O3(1012),  NdGaO3(100)  and  YSZ(IOO)  substrates  have  been  manufactured 
by  laser  deposition  method.  The  films  on  MgO(lOO)  substrates  with  BaSrTi03 
buffer  layer,  Si(lOO)  substrates  with  Zr02  buffer  layer  and  LaAlO3(110)  sub¬ 
strates  have  been  produced  by  magnetron  sputtering  method.  Investigations 
of  phase  composition  and  structure  quality  of  films  have  been  carried  out  by 
x-ray  microanalysis,  x-ray  structure  analysis,  electron  microscopy  and  Raman 
light  scattering  methods.  While  using  those  methods  epitaxial  films  with  high- 
structure  quality  have  been  chosen.  Films  on  AI2O3,  NdGa03,  YSZ,  SrTi03  and 
Si/Zr02  substrates  had  c  axis  oriented  perpendicular  to  substrate  plane.  Films 
manufactured  on  LaAlOs  substrates  had  c-  and  6(a)-axes  oriented  at  45°  to  sub¬ 
strate  plane  and  having,  as  a  result,  a  high  macroscopic  anisotropy  of  transport 
properties.  Films  on  MgO  substrates  had  c-axis  lied  in  substrate  plane.  The  film 
thicknesses  are  ~1500-2000  A.  Other  parameters  of  test  specimens  of  meander- 
type  (No  1-3)  and  bridge- type  (No  4-9)  are  presented  in  Table  1.  Specimens  were 
placed  in  vacuum  cavity  of  metallic  liquid  nytrogen  cryostat  having  temperature 
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stability  by  10"^  K.  Noise  measurements  have  been  carried  out  with  the  help 
of  four-probe  method.  The  dependences  of  the  noise  on  current,  magnetic  field 
and  resistance  in  78-300  K  temperature  range  and  at  frequencies  1  Hz-1  MHz 
have  been  studied. 

MEASUREMENT  RESULTS  AND  THEIR  DISCUSSION 

It  is  seen  at  figure  1  that  a  typical  temperature  dependence  of  the  normal¬ 
ized  noise  spectral  density  within  T  —  300  K  to  critical  temperature  Tc  has  the 
form  of  Sy  ^  where  Sy  is  noise  power  density,  V  is  voltage  drop  across 
specimen,  /?  —  1.3-3.  In  the  superconducting  transition  region  with  temperature 
and  resistance  decrease  noise  has  a  further  decrease  (figure  2).  However  with  fur¬ 
ther  temperature  decrease  noise  is  beginning  to  increase  reaching  the  maximum 
at  a  certain  resistance  Rm  <  0.5  {Rn  is  normal  state  resistance).  Position 
of  this  maximum  does  not  coincide  with  dR/dT  maximum.  With  current  and 
magnetic  field  increase  this  noise  increases;  it  can  be  even  higher  than  the  noise 
at  normal  state.  For  films  of  higher  structural  quality  and  smaller  resistivity  p 
having  more  narrow  superconducting  transition,  the  noise  maximum  has  been 
observed  at  smaller  temperatures  and  has  been  more  sensitive  to  magnetic  field 
(figure  2). 

Table  1.  Parameters  of  YBaCuO  films 


No 

Substrate 

material 

A 

(mm^) 

p(300) 

(S7cm) 

Tc(i?„/2) 

(K) 

AT 

(K) 

0 

0 

CO 

a 

Rn/2 

1 

SrTiOa 

40x0.025 

90 

88 

1.5 

1.3 

0.48 

2 

SrTiOs 

90x0.05 

70 

90 

1.6 

33 

1.4 

3 

MgO/BaSrTiOa 

10x0.1 

600 

85.1 

2.2 

0.54 

2.3 

4 

AI2O3 

0.5x0.035 

900 

85.5 

1.4 

1.4 

0.12 

5 

LaAlOs 

0.5x0.025 

2200 

86 

4.0 

12 

0.6 

6 

Si/Zr02 

0.5x0.035 

920 

88.3 

4.0 

7.2 

0.31 

7 

YSZ 

0.01x0.007 

1660 

85.5 

5.4 

9.2 

0.18 

8 

NdGaOs 

0.014x0.004 

960 

90.3 

1.5 

3.4 

0.12 

9 

Si/Zr02 

0.5x0.05 

5000 

88.5 

9 

1570 

220 

For  bridges  No  5  and  No  7  fine  structure  of  noise  temperature  curves  is 
observed  at  transition  edge  resistance,  i.e.  the  presence  of  a  few  noise  maxima 
with  amplitudes  depending  on  temperature,  current  and  magnetic  field. ^  The 
noise  voltage  Sy  had  linear  dependence  on  current  at  room  temperature,  at 
normal  state  and  at  transition  tail.  However  in  the  last  case  that  dependence 
was  weaker. 

Noise  spectra  for  all  films  from  T  =  300  K  to  Tc  are  close  to  Sv  ^  f~^ 
behavior  where  70^!.  The  frequency  dependence  of  noise  is  more  complex  at  the 
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transition  tail  where  noise  maxima  are  observed.  For  microbridges^  coefficient  7 
has  varied  in  the  range  0,5-2.  Flicker  noise  of  microbridges  on  NdGaOs  substrate 
(No  8)  has  extended  to  the  frequencies  10-20  kHz.  At  the  higher  frequencies 
noise  has  been  frequency  independent  and  can  be  described  as  Sv  ~  (/  dR/ dT)^, 
where  I  is  current.  Noise  level  was  close  to  thermal  noise  level  stipulated  by 
fluctuations  of  heat  flow  to  substrate. 


Fig.l.  Normalized  noise  spectral  Fig.2.  Temperature  dependences 

density  of  YBaCuO  films  versus  of  the  resistance  ( - )  and  noise 

temperature  at  12  Hz.  voltage  at  12  Hz  with  B  =  0  (•  •  •) 

and  B  =  34  mT  ( - ).  No  2 — 

I  —  I  mA,  Rn  =  3.5  kQ;  No  6 — 
/=lmA,  Rn  =  2709,. 

Hooge’s  coefficient  a  was  used  to  compare  noise  level  for  different  films 
(see  Table).  For  calculation  of  a  we  have  assumed  the  carrier  density  to  be 
n  =  5  X  10^^  cm“^.  It  is  seen  that  at  T  =  300  K  for  high-quality  films  a  =  0.5- 
1.4.  In  transition  range  at  Rn/2  where  bolometers  usually  operate  coefficient  a 
decreases  by  more  than  the  order  of  magnitude.  For  films  with  defect  structure 
(No  9)  a  is  much  larger.  Probably  in  course  of  deposition  of  YBaCuO  film 
the  defects  of  intergrain  boundary  type  arose  due  to  microcracks  in  buffer  layer 
Zr02.  As  a  result  resistivity  p  has  increased,  superconducting  transition  has 
broadened  and  noise  has  increased  as  well.  We  believe  that  component  of  excess 
noise  in  normal  state  is  stipulated  by  structural  fluctuation  processes  in  the 
vicinity  of  extended  structural  defects  like  intergrain  boundaries.^  In  this  case 
HTSC  film  can  be  regarded  as  an  irregular-structure  material  with  slow-relaxing 
excitations  of  the  atomic  nature  exhibiting  exponentially-broad  relaxation  time 
distribution  and  thus  leading  to  Sv  ^  f~^  dependence.^ 

At  the  tail  of  transition  region  where  an  infinite  superconducting  cluster  is 
formed  and  the  resistance  is  formed  by  vortices  flow  one  deals  with  another  noise 
component  related  to  the  vortices  motion.  Such  a  noise  should  obviously  depend 
on  the  current  and  on  external  magnetic  field.  Two  situations  are  possible. 
On  the  one  hand,  there  are  weak  Josephson  links  at  the  boundaries  between 
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grains  providing  a  motion  of  Josephson  vortices.  With  the  increase  of  current 
and  magnetic  field  these  links  are  suppressed,  i.e.  the  number  of  fluctuators 
decreases  and  the  noise  stipulated  by  these  mechanisms  decreases  as  well.  That 
mechanism  will  be  obviously  more  vividly  manifested  in  the  granular  films  with 
larger  p  that  we  observed.  In  epitaxial  high-quality  structure  films  when  the 
sizes  of  microcrystals  are  larger  and  the  number  of  weak  links  is  smaller,  the 
noise  is  stipulated  by  the  fluctuations  of  a  number  of  moving  Abrikosov  vortices 
due  to  its  trapping  and  detrapping  by  pinning  centers. 

We  can  assume  that  for  spectral  fluctuation  density  of  a  number  of  vortices 
in  the  specimen  N  the  following  estimation  can  be  obtained: 

(^^  AOu,  J  (1) 

1  +  (u)Ty  [Tf  +  TtY 

where  t~^  ~  rj^  +  ,  Tf  and  r<  are  time  periods  of  the  vortices  in  free  and 

pinning  states,  tj  ~  {nc(jVv)~^ ,  where  Uc  and  a  are  the  concentration  and  cross- 
section  of  pinning  centers,  respectively,  and  Vv  is  characteristic  vortice  motion 
speed.  Tt  =  where  Eb  is  the  pinning  center  activation  energy.  The 

noise  maximum  corresponds  to  the  situation  when  Tf  and  Tt  are  comparable. 
The  fine  structure  of  temperature  noise  dependence  is  probably  related  to  the 
existence  of  percolation  superconducting  cluster  provided  by  local  fluctuations  of 
Tc  values.  In  this  case  the  noise  maximum  is  due  to  a  some  narrow  critical  region 
in  such  structure  providing  the  increased  noise  level.  The  maximum  correspond 
to  a  temperature  of  formation  of  such  a  spot  where  its  size  is  minimal. 


SUMMARY 


Epitaxial  YBaCuO  films  with  optimum  stoichiometric  composition  have 
Hooge’ coefficient  a  —  0.5-12  at  T  =  300  K.  For  the  best  specimens  in  the 
temperature  region  where  dR/dT  has  maximum  a  =  0.12-2.3.  At  the  transition 
tail  [R  <  Q.dRn)  a  noise  maximum  is  observed.  That  noise  for  some  films 
was  larger  than  in  normal  state.  It  is  supposed  that  at  normal  state  as  well 
as  at  the  beginning  of  superconducting  transition  noise  is  produced  by  some 
structural  defects  with  internal  degree  of  freedom  situated  supposedly  near  grain 
boundaries  while  at  the  tail  of  transition  noise  is  related  to  vortices  motion. 
Noise  quality  of  the  films  studied  appear  to  provide  a  possibility  to  produce  the 
bolometers  of  high  quality.^. 
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ABSTRACT 

Measurements  of  the  noise  properties  were  carried  out 
on  the  YBa^Cu«0„  ceramics  with  different  oxygen  con- 

tents.  The  obtained  value  of  the  Hooge  parameter  enhanced 
by  two  orders  of  magnitude  with  increasing  of  the  oxygen 
content  from  6.25  to  6.38.  Tliis  change  of  the  oxygen  stoi¬ 
chiometry  induced  also  the  phase  transition  from  the  tet¬ 
ragonal  to  orthorhombic.  Tlie  enhancement  of  the  noise  mag¬ 
nitude  is  proposed  to  be  due  to  the  formation  of  the  or¬ 
thorhombic  twin  boundaries. 

INTRODUCTION 

The  copper  oxide  high  superconducting  materials, 

both  ceramics  and  single  crystals,  have  an  extremely  large 
magjjiiJ^ude  of  1/f  noise  spectral  density  in  the  normal  sta¬ 
te  Excess  noise  would  limit  the  ultimate  sensitivity 

of  many  potential  high  T^  based  devices  such  as  DS-SQUIDs, 

infrared  detectors.  To  date  the  dominant  noise  source  has 
not  been  unambiguously  identified  because  a  wide  range  of 
various  structural  defects  exists  in  this  materials.  A 
quantity  and  structure  of  defects  in  the  YBa2Cu20^_^  com¬ 
pound  can  be  essentially  modified  by  chaanging  of  the  oxy¬ 
gen  st^ighiometry  and  post -preparation  low  temperature 
aging  -  That  allows  to  obtain  an  additional  information 
on  the  origin  on  the  anomalous  noise  properties. 

In  this  paper  we  present  a  study  of  the  influence  of 
the  oxygen  content  on  the  noise  properties  of  YBa2CugO^_^ 

cer.3mic  samples. 

EXPERIMENTAL  METHODS 


YBa^CUgOg^gg 


starting  material  was  the  ceramic  with  the 
composition  prepared  by  conventional  sinter¬ 


processing  procedures.  The  stable  low  resistance  contacts 
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for  the  electrical  measurements  were  obtained  by  annealing 
of  the  samples  with  attached  silver  pads.  Then  the  oxygen 
stoichiometry  of  the  samples  was  reduced  by  annealing  in 
an  appropriate  air-helium  mixture  and  fixed  by  subsequent 
quenching  into  liquid  nitrogen.  The  oxygen  content  was  de¬ 
termined  from  chemical  titration  measurements. 

Noise  measurements  were  carried  out  by  the  six- probe 
cross-correlation  method  with  two  current  and  four  poten¬ 
tial  contacts.  A  battery  generated  DC-current  (1-300  mA) 
was  passed  through  the  sample  and  ballast  resistor.  The 
noise  signals  taken  from  both  pairs  of  potential  contacts 
were  amplified  by  two  independent  channels  and  after  that 
the  correlative  components  of  the  signals  were  extracted. 
That  allowed  to  exclude  the  contact  noise  contribution.  In 
order  to  improve  the  accuracy  2000  measurements  were  done 
for  every  set  of  parameters  with  subsequent  averaging. 

The  temperature  dependence  of  the  noise  spectra4.  den¬ 
sity  was  measured  in  the  wide  frequency  band  (1-10"^  Ha) 
with  a  resolution  of  0.5  Ohm  in  units  of  equivalent  heat 
noise  resistive ly.  ITie  frequency  dependence  of  the  noise 
power  was  measured  from  0.5  Hz  to  2  kHz  by  an  CK4-72  sig¬ 
nal  analyzer.  The  noise  power  obtained  with  switched  off 
current  was  used  as  the  background  noise  and  subtracted 
from  the  data. 


RESULTS  AND  DISCUSSION 

The  noise  measurements  were  carried  out  at  different 
bias  currents.  For  all  samples  the  obtained  magnitude  of 
the  1/t  noise  power  depends  on  the  DC-voltagg  across  the 
sample  V  as  S„co  v  (or  equivalently  S  oo  I  ),  see  Fig, 


1,  evidencing  that  the  noise 
tivity  fluctuations. 


for  the  YBa^CUgOg 
sample . 


signal  originates  from  resis- 


Heasureroents  revealed  that 
both  the  magnitude  and  the 
temperature  dependence  of 
the  excess  noise  are  strong¬ 
ly  affected  by  the  oxygen 
content  of  the  samples.  The 
magnitude  of  the  excess  noi¬ 
se  in  the  tetragonal  phase 
YBa^CUgOg  ceramic  does 

not  depend  essentially  on 
temperature,  see  Fig.  2.  The 
estimated  value  of  the  Hooge 
parameter  for  this  sample 
averaged  over  the  frequency 

band  (1-  10^  Hz)  was 

ay=(0.9  ±  O.l)'  io'‘. 
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Fig. 2-  Temperature  dependence  of  the  normalized  excess 
noise  for  YBa^CUgOg  ^5  (solid  circles)  and  YBa^CUgOg  gg 

(open  circles)  samples. 


The  Hooge  parameter  for  the  orthorhombic  sample 
YBUgC^gOg  gg  was  found  to  be  much  higher  and  temperature 

dependent.  Fig.  2™  It  increases  with  temperature^  from 
ag=(4.5  ±  0.3)^ 10  at  T-300K  to  ag={l-3  ±  0.1)  10  at 

T=363K.  The  obtained  data  of  the  Hooge  parameter  are  seve¬ 
ral  orders  of  magnitude  larger  than  for  conventional  me¬ 
tals  and  coincide  with  values  reported  for  the  copper- 
oxide  ceramics - 

Measurements  of  the  fre<auency  dependence  of  noise  po¬ 
wer  spectral  density  have  shown  that  properties  of  the 
YBa^CUgOg  25  sample  differ  from  those  of  the  oxygen-rich 

samples.  While  the  parameter  n=  Oln  S  /  <91n  f  in  oxygen- 

^  12 

rich  samples  was  close  to  1.0  (n=l. 0-1.1)  ’  ,  a  higher 

value  of  n  was  observed  for  the  YBa^ChigOg  sample.  Fig. 

3.  The  value  of  S^(f)  was  measured  for  600  frequency 
points  at  fixed  temperatures.  The  versus  f  dependence 
for  YBa2CUg0g  25  sample  can  be  well  described  in  the  ran¬ 
ge  0.5-2*10  Hz  by  the  same  fit  for  all  the  temperatures: 
1/r  ,  n=1.27  ±  0.06. 
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Fig. 3,  Frequency  dependences  of  the  noise  power  spectral 
density  for  the  YBa^Cu^Og  ^5  sample  measured  at  temperatu¬ 
res  295K  (1),  333K  (2),  363K  (3).  The  inset  shows  the 
frequency  dependence  of  the  parameter  n=  dim  S^(f)/  <5 In  f. 

All  the  studied  samples  originate  from  the  same  pel¬ 
let,  thus  they  have  a  similar  granular  and  impurity  struc¬ 
tures,  Nevertheless  their  noise  spectral  densities  differ 
by  a  factor  of  10  .  We  propose  that  the  effects  induced  by 
the  change  of  the  structural  type  are  responsible  for  the 
difference  in  the  noise  properties.  Orthorhombic  samples 
have  an  additional  set  of  the  structural  formations  -  or¬ 
dered  orthorhombic  domains  separated  by  the  domain  or  twin 
boundaries.  The  enhanced  noise  in  orthorhombic  samples  may 
be  due  to  the  resistivity  fluctuations  generated  at  the 
twin  boundaries  that  coincides  with  results  of  Ref.  1. 

At  the  temperatures  above  290-300K  the  increased  mo¬ 
bility  of  the  oxygej^  jons  allow  the  oxygen  rearrangement 
processes  to  occur  ""  ’  .  The  ge^ree  of  ordering  was  shown 
to  be  temperature  dependent  *  .  Thus  the  temperature  de¬ 
pendence  of  the  noise  power  observed  in  the  YBa^Cu^Og  gg 

sample  may  be  attributed  to  the  evolution  of  the  twin 
structure  with  temperature  caused  by  the  oxygen  rearrange¬ 
ment  . 
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ABSTRACT 

The  low-frequency  noise  characteristics  in  Bi-based  superconductor  thick  films 
have  been  measured  as  a  function  of  frequency,  temperature,  bias  current,  and  applied 
magnetic  field.  These  results  have  been  compared  with  the  resistance,  temperature 
coefficient  of  the  resistance  dependences  on  temperature,  and  also  with  ones  of  Y- 
based  thick  film  superconductor.  Our  investigation  show  that  the  peak  of  the  voltage 
noise  is  not  related  with  the  peaks  both  of  the  temperature  coefficient  of  the  resistance 
and  the  voltage-to-fiux  transfer  function.  We  suppose  that  voltage  fluctuations  are 
taking  place  at  grain  boundaries  (weak  Josephson  links)  between  superconducting  and 
normal  grains,  and  that  depend  on  the  relative  filling  of  the  film  by  the 
superconducting  grains  We  represent  a  model  that  explains  the  resistance  fluctuation 
peak  in  the  superconducting  transition  temperature  region. 

INTRODUCTION 

The  investigations  of  the  fundamental  fluctuation  processes  in  high-temperature 
superconducting  materials  are  very  useful  on  the  standpoint  to  obtain  an  additional 
information  on  superconductive  transition  mechanism.  In  many  cases  it  is  believed 
that  voltage  fluctuation  peak  in  the  transition  temperature  region  arises  due  to  flux  O 
fluctuations  and  that  there  is  an  ordinary  relation  between  spectral  densities: 
Su=Sa)(dU/dO)2.  On  the  other  hand,  there  are  also  many  studies  on  the  ground  of 
conductance  fluctuations.  Our  earlier  investigations^ on  the  base  of  Y  Ba2  Cus  Ov-x 
thick  films  show  that  voltage  fluctuations  can  be  explained  by  the  grain  boundary 
(Josephson  weak  link)  resistance  fluctuations.  In  this  paper  we  represent  the 
analogical  data  for  superconducting  Bh  Sr2  Ca  Cu2  Os-x  thick  films  and  give  a  model 
for  explanation  of  the  resistance  fluctuation  peak  in  the  superconducting  transition 
temperature  region. 


EXPERIMENTAL  RESULTS 

The  thick  Bh  Sr2  Ca  Cu2  Os-x  (BSCCO)  films  were  fabricated  onto  the  single 
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Fig.  1.  Current-voltage  characteristics 
of  Bi-based  thick  films  at  various 
temperatures  T,  K:  1-77.3;  2-78.6;  3- 
79.1;  4-80.8;  5-82.2. 


Fig.  2.  The  voltage  noise  spectral 
density  Su  (r-4’)  and  the  resistance  R 
(1-4)  dependences  on  temperature  at 
various  dc  currents  I,  mA:  1,1 ’-2.4; 
2,2’-4.1;3,3’-6.8;4,4’-9.9. 


Fig.  3.  The  resistance  fluctuation 
spectral  density  Sr  dependences  on 
temperature  at  various  dc  currents  I, 
mA:  for  Bi-based  films  1-2.4;  2-4.1;  3- 
6.8;  4-9.9;  for  Y-based  films  r-2.9;  2’- 
5.1;3’-6.9;  4’-10.1. 


Fig.  4.  The  resistance  fluctuation 
spectral  density  Sr  dependences  on 
temperature  at  various  magnitudes  of 
the  magnetic  induction  B,  mT:  for  Bi- 
based  films  (1=6.8  mA)  1-0;  2-1.33;  3- 
2.67;  for  Y-based  films  (1=8  mA)  I’-O; 
2’-0.67;3’-1.33. 


crystal  MgO  (100)  substrate  by  using  superconducting  BSCCO  (2212)  ceramic 
powders  .  That  superconducting  powders  have  been  alloyed  on  the  substrate 
at  temperature  1340  K  and  annealed  during  3h  at  temperature  lllOK.  We  obtain 
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T,K 


Fig.  5.  The  differential  resistance 
dU/dl  dependences  on  dc  current  at 
various  temperatures  T,  K:  1-77.3;  2- 
78.6;  3-79.1;  4-80.8;  5-82.2. 


Fig.  6.  The  square  of  the  temperature 
coefficient  of  the  resistance 
dependences  on  temperature  at  various 
dc  I,  mA:  1-2.4;  2-4.1;  3-6.8;  4-9.9. 


superconducting  BSCCO  films  about  20  pm  thickness.  The  contact  are  prepared  by 
silver  film  evaporation.  All  measurements  performed  by  four-probe  technique  in 
termostat  placed  in  solenoid  and  screened  to  prevent  Earth  magnetic  field  influence. 
Noise  spectra  have  been  measured  from  20  Hz  to  1  kHz,  they  have  1/f  type  frequency 
dependence.  In  this  paper  all  voltage  fluctuation  spectral  density  Su  data  are  given  at 
30  Hz. 

The  current-voltage  characteristics  of  BSCCO  thick  films  at  various 
temperatures  in  the  transition  region  are  presented  in  fig.l,  they,  in  general,  show 
SNS  (superconductor-normal  material-superconductor)  type  behavior.  The  voltage 
fluctuation  spectral  density  Su  and  the  resistance  R  dependences  on  temperature  at 
different  dc  currents  I  are  shown  in  fig. 2.  The  square  dependence  of  Su  on  I  suggests 
that  the  noise  arises  from  the  resistance  fluctuation,  which  spectral  density  Sr  can  be 
expressed  by  Sr=Su/P.  The  resistance  fluctuation  spectral  density  Sr  dependance  on 
temperature  both  at  different  dc  currents  and  at  different  magnetic  fields  are  presented 
in  fig.3  and  4,  respectively.  For  comparison  in  these  figures  there  are  shown 
analogical  data  for  Y  B2  Cu3  Ov-x  thick  films^.  Investigations  both  of  differential 
resistance  dU/dl  (fig.5)  and  temperature  coefficient  of  resistance  (l/Ro)(dR/dT)  (fig. 6) 
and  comparison  these  results  with  fluctuation  measurements  did  not  show  direct 
mutual  correlations,  i.e.  low-frequency  noise  is  not  produced  by  thermal  fluctuations. 

DISCUSSION 

In  earlier  our  papers^’^  we  suggested  that  the  fluctuation  peak  originates  from 
the  resistance  fluctuation  and  not  from  magnetic  flux  noise  in  the  film,  i.e.  low- 
frequency  noise  in  the  superconducting  transition  temperature  region  is  caused  by  the 
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superconducting  transition  temperature 
region  is  caused  by  the  switching  of 
S-N-S,  S-N-N,  S-N-I-S  and  like  them 
Josephson  junction  due  to  charge 
carrier  trapping  processes  in  the 
boundary  grain  regions.  In  the 
superconductive  transition  temperature 
region  the  resistance  temperature 
dependence  may  be  aproximated  by 
such  relation: 


Fig.  7.  The  temperature  dependence  of 
the  resistance  and  the  resistance 
fluctuations  (in  arbitrary  units)  in  the 
transition  region. 


where  Tc<T<Ton;  Ro  is  the  resistance  at 
the  onset  of  the  transition  temperature 
T=Ton;  Tc  is  the  temperature  at  which 
R=0.  On  the  other  hand,  the  formation 
and  transition  of  elementary  Josephson 


weak  links  to  completely  sperconducting  state  may  be  evaluated  as: 


ns(T)/nso=[(Ton-T)/(Ton-Tcs)] 


(2) 


where  Tcs<Tc<Ton,  nso  is  the  general  number  of  elementary  Josephson  weak  links  in 
the  sample;  ns(T)  is  the  number  of  junctions  which  are  completely  in  the 
superconducting  state;  Tcs  is  the  temperature  at  which  sample  is  completely  in 
superconducting  state. 

If  we  consider  that  switching  processes  of  Josephson  weak  links  in  the 
transition  region  due  to  charge  trapping  are  independent,  we  can  express  the  resistance 
fluctuations  as: 


SR/R2=(C/f)[ns(T)/nso]  or  SR=(CR2/f)[ns(T)/nso]  ,  (3) 

where  C  is  the  parameter. 

The  temperature  dependence  both  of  the  resistance  R/Ro  (1)  and  the  resistance 
fluctuations  (3)  (in  arbitrary  units)  are  shown  in  fig.7. 

It  is  obvious  that  such  model  can  in  principle  to  explain  the  obtain  results. 
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ABSTRACT 

We  have  measured  the  voltage  noise  in  the  vortex-liquid  phase  of  YBa2Cu307_5 
films  at  high  magnetic  fields.  The  voltage-noise  spectral  density  Sy  is  found  to  be  of 
the  l//-type,  and  to  vanish  critically  at  the  superconducting  phase  transition  according 
to  Sv  oc  (T  — Tg)^,  where  Tg  is  the  vortex-glass  transition  temperature  and  x  =  1.8 ±0.3. 
A  model  is  presented  which  explains  the  experimental  observations.  The  model  is  based 
on  a  distribution  of  critically  divergent  lifetimes  of  vortex-glass  domains. 


The  present  paper  reports  on  noise  experiments  in  films  of  the  high-Tc  supercon¬ 
ductor  YBa2Cu307_5  in  the  resistive  state  at  high  magnetic  fields.  This  resis¬ 
tive  state  is  accepted  to  be  a  liquid  of  vortices  carrying  the  magnetic  flux  lines. 
Whereas  previous  noise  studies  in  YBa2Cu307-5  have  focused  on  the  regime  near 
zero  magnetic  field,  this  work  studies  the  regime  at  high  magnetic  fields.  The 
principal  new  result  is  that  in  a  high  magnetic  field  the  voltage  noise  vanishes  at 
the  superconducting  phase  transition  according  to  a  critical  power  law. 

The  magnetic  field-temperature  (H-T)  phase  diagram  of  high-T^  superconduc¬ 
tors  like  YBa2Cu307_5  consists  of  several  phases  (Fig.  1):  (z)  the  normal  phase  at 
high  temperatures  and  fields  {H  >  Hc2)\  (^0  the  superconducting  Meissner  phase 
at  low  fields  [H  <  Hc\)]  {Hi)  the  superconducting  vortex-glass  phase^  at  higher 
fields,  where  the  vortices  are  frozen  into  a  glassy  state;  and  {iv)  the  vortex-liquid 
phase  in  between  the  vortex-glass  transition  and  the  upper  critical  field  Hc2-  In 
the  vortex  liquid,  the  motion  of  the  vortices  causes  the  resistance  to  be  finite.  We 
have  examined  the  voltage  noise  in  this  phase  with  the  aim  to  study  the  dynamics 
of  vortex  lines.  The  sample  was  a  c- axis-up  3000- A  YBa2Cu307_5  film,  which 
was  laser  ablated  onto  a  SrTi03  substrate.  The  film  was  photolithographically 
patterned  to  four-probe  patterns  with  a  central  stripe  of  150  x  20  ^m^.  A  gold 
layer  was  deposited  onto  the  contact  pads.  Subsequent  annealing  yielded  a  con¬ 
tact  resistance  of  much  less  than  ID.  In  zero  magnetic  field  the  film  exhibited 
zero  resistance  below  91.2  K. 

The  voltage  noise  spectral  density  was  obtained  while  biasing  the  superconduc¬ 
tor  with  a  constant  dc  current  I.  The  noise  signal  was  passed  through  a  low-noise 

*Present  address;  Department  of  Applied  Physics,  Delft  University  of  Technology,  P.O.  Box 
5046,  2600  GA  Delft,  The  Netherlands. 
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^vg  ^c2 


Figure  1:  The  H-T  phase  dia¬ 
gram  of  YBa2Cu307-<f- 


1:100  transformer  and  subsequently  amplified  by  a  low- noise  preamplifier.  The 
resulting  signal  was  fed  to  a  fast-Fourier  transform  spectrum  analyzer.  The  noise 
spectrum  was  corrected  for  background  noise  and  the  system  response,^  to  obtain 
the  excess  (/  >  0)  voltage-noise  spectral  density  Sv-  We  measured  as  a  func¬ 
tion  of  frequency  /,  current  /,  temperature  T,  and  magnetic  field  H  (up  to  5  T 
along  the  c  axis). 

The  low-frequency  (<  2  kHz)  noise  is  found  to  depend  on  the  frequency  es¬ 
sentially  as  1//"^,  with  n  =  0.96  ±  0.06,  independent  of  /,  T,  and  H.  A  typical 
noise  spectrum  is  shown  in  Fig.  2.  At  all  temperatures  and  fields,  we  find  that 
Sv  depends  on  the  current  approximately  as  Sv  oc  P.  In  the  normal  state  this 
points  to  resistance  fluctuations  as  the  noise  source.  In  the  vortex-liquid  phase, 
the  P  dependence  of  Sv  is  not  fully  understood.  Presumably  it  is  related  to  the 
complicated  crossover  from  ohmic  to  power-law  behavior  upon  approaching  the 
vortex-glass  transition  temperature  Tg  (Tg  =  76.3  K  at  5  T,  Tg  —  84.3  K  at  2  T). 


f  (Hz) 


Figure  2:  Typical  excess  noise 
spectrum,  corrected  for  back¬ 
ground  noise  and  the  system  re¬ 
sponse;  H  =  2  T,  T  =  90.11  K, 
1  =  2  mA.  The  solid  line  denotes 
a  dependence. 


In  Fig.  3,  we  present  Sv  as  a  function  of  the  reduced  temperature  {T  —  T^)  jT^. 
With  decreasing  temperature,  Sv  vanishes  at  Tg.  Quite  remarkably,  this  temper¬ 
ature  dependence  can  be  described  in  terms  of  a  critical  power  law 
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(T-Tg)/Tg 


Figure  3:  Excess  noise  spectral 
density  Sv  vs  (T  —  The 

number  entries  are  the  slopes  de¬ 
rived  from  fits  to  Eq.  (1). 


Sv^{T-T,r,  (1) 

with  X  =  1.8  ±0.3  (Fig.  3).  Supplementary  nonlinear  current-voltage  (I-V)  curves 
were  used  to  determine  the  vortex-glass  phase  transition  temperature  Tg  and  the 
critical  vortex-glass  exponents  2r  and  These  measurements  were  carried  out 
according  to  the  method  used  in  Ref.  3.  The  /-P-curves  were  subjected  to  a  critical 
scaling  analysis^  to  extract  values  for  Tg,  and  i/.  For  the  critical  exponents  we 
find  2:  =  4.8  and  i/  ~  1.7,  in  good  agreement  with  earlier  studies. It  should  be 
pointed  out  that  the  observed  noise  is  not  simply  the  normal-state  resistance  noise 
extrapolated  to  the  vortex-fluid  state.  This  becomes  evident  in  a  plot  of  SvjV^ 
vs  T,  where  we  can  see  the  temperature  dependence  of  Sv IV^  change  from  slowly 
decreasing  with  decreasing  temperature  above  Tc,  to  strongly  diverging  at  the 
glass  transition  temperature  below  Tc. 

We  model  the  observed  l/f  noise  to  result  from  a  superposition  of  many 
random  processes  with  different  characteristic  times  r.  These  characteristic  times 
are  thought  to  be  the  lifetimes  of  bundles  of  correlated  vortices.  The  lifetime  of 
a  vortex  bundle  scales  with  its  size  /  as  r  oc  /^.  The  average  size  of  these  vortex 
bundles  is  the  vortex- glas  correlation  length  which  is  known  to  diverge  critically 
at  Tg  as  ^  oc  1/(T  —  Tg)*^. 

For  a  distribution  function  D(l)  of  the  size  of  the  vortex-glass  domains,  the 
spectral  density  of  the  voltage  fluctuations  is  given  by 

Sv{uj}<x  Jf{w,l)D(l)dl  ,  (2) 

where  /(a;,  /)  is  the  Lorentzian  spectrum  associated  with  the  lifetime  of  a  vortex 
bundle  of  size  1.  We  have  /(lj,  /)  oc  Cl^/[l  +  with  C  the  proportionality 

constant  in  r  =  CP.  For  l{uj)  =  this  Lorentzian  reaches  its  maximum 

/(u;, /)  =  l/2u;.  If  we  assume  the  distribution  function  D{1)  to  vary  only  slowly 
with  I  within  the  width  of  the  Lorentzian  distribution,  Eq.  (2)  can  be  approxi- 
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mated  by^ 

^  f  CP 

Sv{u:)  cx  D{1)  J  ^  .  (3) 

Secondly,  we  make  the  reasonable  assumption  that  the  distribution  D[l)  does  not 
change  much  when  scaling  the  length  scale  /  to  the  vortex-glass  correlation  length 
(f.  We  thus  rewrite  the  distribution  as 

D{1)  =  DopHH)  ,  (4) 

where  p  is  a  normalized  form  function,  and  Do  =  1/f  is  a  normalization  constant 
determined  by  f^D{l)dl  =  1.  Note  that,  upon  approaching  Tg,  the  form  of 
D{1)  does  not  change  much,  whereas  the  length  scale  /  for  which  D{1)  reaches 
a  maximum  critically  shifts  upwards,  while  the  value  of  this  maxim.um  critically 
vanishes.  Combining  Eqs.  (3)  and  (4)  and  substituting  q  oc  l/(r  -Tg)^,  we  finally 
arrive  at 

.  (5) 

We  thus  expect  that  Sv  vanishes  upon  approaching  Tg  from  above  according  to 
Sv  oc  (T  —  Tg)^,  with  —  1.7.  This  is  in  good  agreement  with  the  experimental 
result  that  Sy  depends  critically  on  the  temperature  with  a  critical  exponent 
X  —  1.8  ±  0.3.  From  Eq.  (5)  a  frequency  dependence  Sy  oc  would  be 

expected,  i.e.,  Sy  a  1//^’^  for  2:  =  4.8.  The  minor  difference  with  the  observed 
1//  dependence  can  be  accounted  for  by  a  slight  length  dependence  of  D(1)S 
In  summary,  w^e  have  observed  that  in  the  vortex-liquid  phase  (z)  Sy  has  a  1// 
character  and  (n)  Sy  diverges  critically  upon  approaching  Tg.  We  have  explained 
the  1//  character  and  the  temperature  dependence  of  the  voltage  fluctuations  in 
the  vortex  fluid  phase  by  the  use  of  a  model,  based  on  a  distribution  of  lifetimes 
of  vortex  glass  domains  with  a  critically  diverging  average  lifetime. 

We  are  indebted  to  the  late  Dr,  W.  Eidelloth  of  IBM  Research  at  Yorktown 
Heights  for  providing  the  high-quality  YBa2Cu307-<5  films.  This  research  was  in 
part  supported  by  the  Netherlands  science  foundations  EOM  and  NWO. 
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Musha,  et  al.  found  that  laser  light  intensity  scattered  by  a  single  crystal  quartz  was  sub¬ 
ject  to  Hf  fluctuations.^  This  was  attributed  to  fluctuations  in  energy  partition  among  phonon 
modes  which  were  almost  in  thermal  equilibrium.  Similar  experiment  was  extended  to  light 
scattering  by  water^  and  ionic  solutions,  LiCl,  KCl  and  NaCl,  and  Ij^-like  spectra  were  also 
observed.  The  fractional  fluctuation  of  scattered  light  intensity  decreases  rapidly  when  the  ionic 
molar  ratio  to  water  molecules  becomes  larger  than  0.2.  It  is  concluded  that  light  scattering  in 
water  is  attributed  to  cluster  structure. 

1.  Introduction 

The  fractional  fluctuations  of  the  light  intensity  of  scattered  light  is,  in  principle, 
proportional  to  the  number  of  scatterers.  In  case  of  the  Brillouin  scattering  in  quartz,  we  found 
that  the  fractional  spectral  level  is  inversely  proportional  to  the  number  of  phonon  modes 
involved  in  the  scattering. 

We  repeated  this  experiment  with  water  and  l//'-like  spectra  were  also  observed  which, 
however,  leveled  off  at  low  frequencies.  What  is  the  mechanism  of  the  scattering  we  have 
observed?  The  following  two  possibilities  have  been  investigated. 

(1)  Propagating  scatterers:  If  the  scattering  is  caused  by  propagating  density  waves  like 
phonon  modes,  the  fractional  fluctuations  will  be  inversely  proportional  to  the  number  of  wave 
modes  which  are  involved  in  the  scattering.  This  possibility  can  be  checked  through 
dependence  of  fractional  fluctuations  on  the  single-  and  multi-mode  or  multi-line  ligl 
incidence. 

(2)  Non-propagating  scatterers:  If  the  scattering  is  caused  by  non-propagating  localized 
scatterers,  the  fractional  fluctuations  depend  on  the  number  of  scatterers  and  insensitive  to  the 
single-  and  multi-mode  or  multi-line  incidence. 
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2.  Experiment 

The  experimental  setup  is  shown  in  Fig.l.  The  source  laser  is  an  argon  ion  laser  (Lexel 
Model  95-4)  and  the  incident  laser  power  was  controlled  from  10  mW  to  200  mW  with  an  ND 
filter,  and  the  principal  wavelengths  are  514.5  nm,  488.0  nm  and  496.5  nm.  The  power  was 
stabilized  by  optical  feedback  to  less  than  ±  0.2%/hr  and  the  frequency  was  stabilized  to  less 
than  ±  75  MHz/2hrs.  Water  as  a  specimen  was  filled  in  a  quartz  vessel  of  10  x  10  x  40  mm^. 
The  laser  mode  was  single  longitudinal  mode  with  transverse  mode  TEMqo  with  line  width  3 
MHz  and  a  beam  diameter  was  1 .6  mm  or  multi-mode  in  which  frequency  spreads  over  a  single 
line  or  multi-line  in  which  frequency  spreads  over  the  three  principal  lines.  An  image  of  a  laser 
beam  passing  in  the  specimen  was  generated  with  a  lens  on  a  slit  and  it  was  detected  by  a 
photomultiplier.  The  solid  angle  of  the  detected  light  beam  was  0.82  steradian  and  the 
scattering  volume  was  2.9  x  lO'^^  m^.  A  similar  optical  path  was  made  by  a  beam  splitter 
making  a  small  angle  to  each  other.  Light  intensity  was  measured  by  means  of  photon 
counting.  The  ratio  of  the  photon  counts  of  these  two  photomultipliers  gives  a  fractional 
fluctuation  of  the  scattering  light  intensity  as  was  described  in  ref(l). 

3.  Results 

When  purified  water  was  used  the  observed  data  were  not  always  stable,  and  some  bright 
spots  were  observed  in  a  laser  beam  passing  the  specimen.  They  are  probably  small  dust 
particles.  When  heavy  water  D2O  which  was  purchased  in  a  glass  capsule  and  used  as 
specimen,  no  bright  spots  were  observed  and  the  data  were  reproducible.  The  number  of 
possible  phonon  modes  is  determined  by  a  spread  of  wave  vectors  of  phonon  modes  or  optical 
modes  whichever  is  larger.  In  the  multi-mode  operation,  the  longitudinal  mode  interval  is  150 
MHz  within  bandwidth  5  GHz,  and  the  phonon  number  is  determined  by  the  bandwidth  of  the 
related  phonon  modes.  No  definite  conclusion  can  be  obtained  from  this  experiment.  In  the 
multi-line  operation,  however,  the  number  of  phonon  modes  is  determined  by  a  spread  of  the 
optical  modes.  However,  no  significant  difference  was  observed  in  the  spectral  level. 
Therefore,  it  is  concluded  that  the  scattering  should  be  attributed  to  non-propagating  scatterers. 

To  investigate  the  property  of  the  scattering,  aqueous  ionic  solutions  such  as  LiCl,  NaCl 
and  KCl  were  examined.  They  are  soluble  up  to  46,  26  and  26  wt%,  respectively.  We  had 
specially  interesting  result  with  LiCl  solution  because  its  saturation  concentration  is  extremely 
large.  The  power  spectral  levels  for  three  different  ionic  concentrations  are  shown  in  Fig.2, 
where  the  spectra  are  l/Clike  and  they  level  off  at  frequency  below  0.01  Hz. 
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The  spectral  levels  for  these  three  ionic  solutions  at  10  Hz  are  shown  in  Fig. 3,  where  the 
horizontal  axis  indicates  the  ionic  molar  ratio  to  water  molecules  in  a  given  volume.  With  heavy 
water  D2O  the  l;^-like  spectral  level  at  10  Hz  is  lO'^,  and  hence  for  ionic  molar  ratios  smaller 
than  0,1,  the  spectral  level  is  an  order  of  magnitude  larger  as  compared  with  water.  When  the 
molar  ratio  of  Li+  to  water  molecules  becomes  larger  than  0.2,  the  spectral  level  decreases 
rapidly  with  this  ratio. 

4.  Discussion 

Light  scattering  is  caused  by  local  fluctuations  of  refractive  index.  Water  molecules  form 
cluster  structures,  and  the  cluster  structure  will  have  a  different  refractive  index  from  that  of 
amorphous  molecular  configur^ation.  Therefore,  it  is  likely  that  clusters  scatter  the  incident 
light.  Li  ions  have  small  diameter  and  the  electric  fields  generate  larger  clusters.  According  to 
computer  simulation^,  the  clus^^er  in  water  consists  of  4-5  water  molecules.  A  Li'*'  ion  in  a 
dilute  solution  attracts  6  water  molecules  while  it  attracts  4  water  molecules  in  a  concentrated 
solution.^’ 5  Therefore,  a  dilute  ionic  solution  decreases  the  number  density  of  clusters,  which 
raises  the  fractional  fluctuations  of  scattered  light  intensity.  When  the  molar  ratio  of  Li+  is 
larger  than  0.2,  there  are  more  Li  ions  than  water  molecule-clusters.  Clusters  are  mainly 
generated  by  Li+  and  the  mean  cluster  size  is  smaller  and  hence  the  number  density  of  clusters 
increases  with  increase  of  the  ion  concentration.  This  will  be  the  reason  for  the  spectral 
behavior  in  Fig. 3.  Although  further  investigation  is  needed,  we  conclude  based  on  the 
observations  so  far  that  the  spectrum  is  superposition  of  Lorentzian  spectra  and  the  origin  of  the 
light  scattering  is  attributed  to  cluster  structure  in  water. 

The  shoulder  frequency  of  the  l;^-like  spectrum  increases  when  the  temperature  of  water 
is  raised.  This  is  probably  due  to  convection  flows  of  water  due  to  temperature  inhomogeneity. 
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Fig.2  The  fractional  power 
spectra  of  scattered  light 
ntensity  for  three  different 
concentration  of  LiCl 
solution. 
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Fig. 3  Dependence  of  the 
spectral  level  at  1 0  Hz  on 
the  ionic  molar  ratio  to 
water  molecules. 
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ABSTRACT 

A  technique  for  testing  water  solutions  of  organic  substances  with  low  and  tending  to 
zero  concentrations  of  solutes  is  proposed.  The  technique  consists  in  measuring  and 
interpreting  1  /f^fluctuations  of  electrical  potential  of  a  double  layer  at  the  interface  liquid  to  be 
tested  -  metal  electrode.  The  observed  activation  of  the  fluctuations  can  determine  to  the  large 
extent  macroscopical  properties  of  highly  diluted  solutions.  Effect  of  weak  low  frequency 
magnetic  field  on  fluctuations  in  such  liquids  is  also  studied. 

INTRODUCTION 

Difficultes  inherent  to  existing  methods  of  study  of  diluted  solutions  with 
concentrations  of  solutes  below  10'^  -  10'^  M  are  caused  to  a  large  extent  by  high  level  of 
statistical  noises  in  such  solutions.  However,  the  part  of  these  very  noises  is  known  to  be 
very  sensitive  to  inhomogeneities  in  media  under  testing  on  micro-  and  macroscopic  scales, 
and,  consequently,  can  provide  information  about  presence  of  molecules  of  a  solute  in  a  solvent. 
In  the  present  pilot  study  this  approach  was  tested  experimentally  on  water  solutions  of 
histamine.  Estimation  of  1  /f^  fluctuations  in  test  samples  was  made  on  the  basis  of  the  method 
developed  by  us  earlier^  that  consisted  in  analysing  fluctuations  of  electrical  potential  at  the 
interface  metal  -  test  liquid. 

EXPERIMENTAL  TECHNIQUE,  RESULTS  AND  DISCUSSION 

Pure  water  and  water  solutions  of  histamine  in  concentrations  lO’^M  and  10  M  were 
tested.  All  samples  were  provided  by  INSERM  U200,  France.  Test  samples  were  poured  into  a 
cell  of  volume  40  ml  with  a  small  area  measuring  electrode  and  an  auxiliary  electrode,  both 
made  of  Pt.  1/f  ^  fluctuations  of  electric  surface  potential  were  registered  at  f<10Hz  as  an 
excess  noise  of  the  cell’s  asymmetry  potential.  Computer  analysis  of  fluctuations  included 
calculation  of  Fourier  power  spectrum  Stf)  and  a  number  of  its  numerical  paramelers. 
Fluctuation  response  of  lO'^^M  histamine  to  weak  low  frequency  electromagnetic  disturbance 
was  also  studied. 

Fig.l  shows  smoothed  So-histograms,  So  being  the  value  of  S(f)  at  the  lowest  frequency 
of  analysis  0.1  Hz.  Each  curve  was  obtained  on  the  basis  of  12-14  separate  spectral 
measurements,  averaged  over  20-minutes  intervals,  and  belonging  to  several  different  samples 
and  days  of  obsenation.  Mean  value  of  So  for  lO'^M  histamine  was  larger  than  for  pure  water, 
increased  was  also  confidence  interval  of  So,  which  fact  implicitly  pointed  to  increase  in 
intensity  of  fluctuations  below  0.1  Hz.  Distribution  curve  N(So)  for  10'*M  histamine  stretched 
towards  larger  So.  Mean  value  of  /5  for  lO'^M  histamine  was  larger  than  that  for  pure  water 
(1.32)  and  amounted  to  1.57,  the  difference  being  statistically  significant.  It  means  that  not 
only  intensity  of  l/f/'^  fluctuations  in  diluted  solution  was  increased  in  comparison  with  pure 
water,  but  that  the  frequency  makeup  of  fluctuation  spectra  was  modified.  Shift  to  larger/?  may 
mean  reorganization  of  fluctuations  of  solution’s  volume  properties  in  favour  of  spectral 
components  with  lower  frequencies. 

The  obtained  data  for  lO’^M  histamine  could  be  the  result  both  of  direct  influence  of 
molecules  of  the  solute  on  Mi^  fluctuations,  and  of  modification  of  the  solvent  itself  in  the 
precess  of  dilution.  The  existence  of  the  latter  mechanism  is  confirmed  by  the  tests  with  the 
samples  of  lO’^^M  histamine  obtained  by  step-by-step  dilution^.  The  differences  of  stochastic 
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-32  7 

parameters  of  10  M  histamine  and  10  M  histamine  from  those  of  pur^ water  were  the  same, 
though  for  10  histamine  they  were  less  pronounced  (Fig. Id;  ^  =1.45).  There  were 
practically  no  molecules  of  solute  in  10''^^M  histamine,  so  it  was  low  frequency  random 
molecular  dynamics  of  the  solvent  itself  that  may  have  undergone  modification  in  the  process  of 
dilution,  and  the  modification  appeared  as  the  increase  in  intensity  of  fluctuations  with  large 
correlation  times.  Random  molecular  dynamics  of  the  solvent  modified  in  this  way  may  be 
largely  responsible  for  macroscopic  properties  of  such  virtual  solutions,  in  particular,  for  their 
biological  activity  ’  .  Solutions  with  concentrations  of  solutes  tending  to  zero  are  likely  to 
represent  a  special  class  of  substances  which  mav  be  called  stochasticallv  modified  liquids 
(SML). 

To  check  up  a  hypothesis  concerning  electromagnetic  origin  of  modification  in 
we  studied  effect  of  sinusoidal  magnetic  field  with  frequency  in  the  range  of  1/f-^  fluctuations 
(H=2.5A/m,  f=0.5Hz)  on  10  histamine.  After  exposition  to  the  field  for  60  min., 
fluctuation  properties  of  the  sample  became  identical  with  those  of  pure  water,  but  then  after 
40-60  min.  were  restored  (Fig. 2).  Magnetic  field  in  ref.'^  was  10*^  times  stronger  and  cancelled 
biological  activity  of  SML  irreversibly,  whereas  our  weak  magnetic  field  acted  as  information 
disturbance  causing  reversible  change  in  the  stochastic  electromagnetic  level  to  which  it 
appeared  to  be  adressed.  Critical  sensitivity  to  magnetic  fields  suggest  that  distinctive 
properties  of  SML  are  determined  by  their  inner  stochastic  electromagnetic  organization. 

The  obtained  preliminary  results  demonstrate  efficiency  and  high  informative  potential 
of  the  fluctuation  testing  for  study  of  solutions  with  ultra-low  concentrations  of  solutes.  Super 
sensitive  devices  for  detection  of  vanishing  amounts  of  dissolved  substances  by  regestering 
changes  in  stochastic  propereties  of  solvents  can  be  constructed  on  the  bases  of  the  proposed 
method. 

We  thank  Dr.  J.Benveniste  (INSERM  U200)  for  supplying  the  test  samples  and  for 
valuable  discussions  of  this  work. 
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ABSTRACT 

Radioactivity  results  mainly  in  the  emission  of  charged  particles  or  gamma  photons. 
Charged  particle  emission  can  be  considered  to  be  an  electric  current  that  has  fluctua¬ 
tions  due  to  random  emission.  The  fluctuations  are  generally  poissonian  exhibiting  shot 
noise.  But,  Handel’s  quantum  l/f  noise  theory  predicts  that,  in  addition,  1/f  noise  should 
also  exist.  Experiments  wither  particles  and  y  photon  emission  have  not  shown  the  exist¬ 
ence  of  this  quantum  1/f  noise.  However,  experiments  with  6  particles  have  shown  the 
existence  of  such  a  noise. 


INTRODUCTION 

Fluctuations  in  the  otherwise  expected  smooth  behavior  of  a  physical  quantity  is  con¬ 
sidered  to  be  noise.  Thus  the  fluctuations  in  current  flow  or  in  voltage  constitute  noise. 
Thermal  noise  and  shot  noise  have  uniform  spectral  density,  where  as  1/f  noise  has  a 
spectral  density  inversely  proportional  to  the  frequency.  1/f  noise  has  been  observed  in  a 
variety  of  systems:  Semiconductor  devices\  Music^,  Height  of  floods  in  the  Nile^, 
Earthquake  cycles^,  Thunderstorms'*,  Biological  systems^’®,  Traffic  flow^,  etc®. 

1/f  noise  in  semiconductor  devices  and  other  electronic  devices  has  received  by  far 
the  greatest  attention®'^®.  Several  models  have  been  proposed  for  1/f  noise  and  are 
shown  to  hold  good  in  some  cases. 

In  an  attempt  to  understand  the  basic  principles  underlying  the  existence  of  1/f  noise 
in  particle  emissions,  Handel  has  proposed  a  quantum  theory  of  1/f  noise^°’^\  according 
to  which  infraquanta  generated  in  the  emission  process  (any  emission  process  can  be 
considered  to  be  a  scattering  process  in  one  way  or  the  other)  will  render  some  of  the 
particles  to  have  slightly  less  energy  than  the  others,  interference  between  these  two  sets 
of  particles  leads  to  1/f  noise. 

A  series  of  articles  have  appeared  on  the  theory  of  quantum  1/f  noise.  References  20 
to  30  are  a  fair  representation  of  these. 

Several  objections  have  been  raised  against  Handel’s  theory.  However,  Handel’s 
detailed  theory  based  on  second  quantisation  ^  seems  to  answer  many  of  the  criticisms. 
Van  Vliet’s  paper  of  reference  30  is  a  good  recent  review  on  1/f  noise.  Some  of  her 
theoretical  conclusions  need  to  be  experimentally  verified. 

THEORETICAL  BACKGROUND 

Measurement  of  radioactive  current  as  such  is  difficult  because  it  Is  very  weak.  But 
one  can  easily  measure  the  counts  M  V/or  an  interval  of  time  T  repeatedly.  From  such, 
data  one  can  calculate  the  Allan  variance  given  by 

N-1 

A(T)  =  (1/2  (N-1)]  21  Mt'  -  Mt'-"’  r  (1) 

i  =  1  I  I 

where  N  is  the  number  of  measurements.  This  Allan  variance  is  related  to  the  noise 
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spectral  density  of  the  flux  fluctuations  Sm(co)  through  a  transform  equation 


35 


-oo 

A(T)  =  I  (Sm(<^)/c^^)  sin'^(aiT/2)du) 


where  00  is  the  angular  frequency. 

It  is  known  that  for  the  poisson  shot  noise 

Sm(oo)=  2mo 


(2) 


(3) 


where  m©  is  the  average  count  rate. 

Hence  from  eqn.  (2)  one  finds  for  the  poisson  shot  noise 


A(T)  =  moT  =  <Mt> 

which  is  the  mean  count.  Thus  we  see  that  in  case  of  poisson  shot  noise  the  Allan 
variance  is  simply  the  normal  variance. 

But,  for  1/f  noise,  the  spectral  density  can  be  written  as 

Sm  (cO)  =  271C/CA)  (5) 

where  C  is  a  constant .  Using  eqn.  (2)  again,  we  get 

A(T)  =  2CT^In2  (6) 

If  the  noise  is  composed  of  both  shot  noise  and  1/f  noise,  then  one  can  write 

A(T)  =  moT  +  2CT^ln2  (7) 

We  define  a  quantity  called  Relative  Allan  variance  as 

R(T)  =  A(T)/  <Mt>^  (8) 

Since  <M  t  >  =  moT  ,  using  eqn.  (7),  we  get 

R(T)  =  (l/moT)  +  2C^ln2  (9) 

where  =  C/mo^  is  the  characteristic  strength  of  the  normalised  excess  noise 
Sm(f)/mo^-  The  constant  2C''ln2  is  called  the  Flicker  floor  F  as  it  arises  due  to  the  Flicker 
noise  (i.e.,  1/f  noise).  We  see  that  a  log-log  plot  of  R{T)  versus  1/moT  would  deviate 
from  a  straight  line  and  reach  a  constant  value  F  from  which  O'  can  be  determined. 

Handel’s  theory  predicts  that  C'=  27^(X^  A ,  where  Z  is  the  charge  of  the  emitted 
particle,  OC  is  the  fine  structure  constant ,  X  'S  the  coherence  factor, 

A=  {27LlZ){/^y!cf  =  (2Jr/3)  [1-{1  +(E/mz  c^)  )'^]  (10) 

A  v= velocity  change  of  the  particles  in  the  emission  process,  c  is  the  velocity  of  light  in 
vacuum,  mzC^  is  the  rest  mass  energy  of  the  particle  and  E  is  the  kinetic  energy  of  the 
emitted  particle.  Hence, 


F  =  4Z^aA'5’ln2 


(11) 
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which  shows  that  F/A  is  a  constant. 

EXPERIMENTAL  WORK 

The  very  first  experimental  work  on  quantum  1/f  noise  was  done  by  Gong  et.al^®., 
with  cX  particles  of  ^"^^Am.  They  found  a  Flicker  floor  of  ai  10  Subsequent  study^^ 
from  the  same  group  confirmed  the  earlier  result.  But  Kennet  and  Prestwitch^®  made 
an  exhaustive  study  and  found  that  such  a  Flicker  floor  does  not  exist  for  ^^^Am  oc  par¬ 
ticles.  Another  paper  from  the  same  group^^  confirmed  the  negative  result.  So  also  did 
the  paper  of  Jones  et.al  We  at  Mysore  studied  OC  decay  statistics  of  ^^°Po  and 
again  found  that  no  Flicker  floor  exists.  Now  it  is  well  acknowledged^^  that  decay 
does  not  exhibit  1/f  noise. 


Fig.  1:  A  plot  of  Relative  Allan  variance 
versus  inverse  mean  count  for  OC  particle 
counting  of  ^^®Po 


We  extended  our  experimental  study  to  B  emission  and  found  for  the  first  time  that  B 
decay  statistics  of^^'^TI  and  do  exhibit  1/f  noise  with  a  Flicker  floor  of:£t  10’^  . 

B  particles  were  detected  in  a  plastic  scintillator  coupled  to  a  photomultiplier.  Pulses 
from  the  photomultiplier  were  passed  through  a  pre-amplifier  and  a  pulse  amplifier  and 
then  analysed  in  a  Multichannel  Analyser.  The  B  spectra  were  taken  for  5  minutes,  con¬ 
secutively,  for  a  large  number  of  times.  It  was  repeated  for  10  min.,  20min.,  etc.  The 
calibration  was  done  by  the  Compton  electron  scattering  of  Y  rays  from  Cs  which 
gives  a  clear  edge  at  477  keV.  The  gain  was  checked  periodically,  and  for  large  counting 
periods  it  was  checked  before  and  after  the  counting  period.  If  there  was  any  shift  in  the 
location  of  the  Compton  edge  that  data  was  rejected.  Analysis  was  done  for  a  series  of 
selected  energy  channels. 

While  calculating  the  Relative  Allan  variance  R(T)  the  number  of  consecutive  meas¬ 
urements  used  for  calculation  becomes  important.  It  is  found  that  for  ^^'^Tl  B  counting, 
for  a  10  min.,  period  one  should  take  at  least  35  count  measurements  to  get  a  consistent 
value  of  R(T)  whereas  for  1000  min.,  period  just  10  count  measurements  would  suffice. 

Figure  2  shows  the  variation  of  R(T)  with  inverse  mean  count  for  387  keV  B  emis¬ 
sion  of^^'^TI.  We  see  that  R(T)  deviates  from  poisson  distribution  for  mean  counts 
greater  than  12500.  The  Flicker  floor  F  is  2.1x10'^. 
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Fig. 3:  A  plot  of  Flicker  floor  versus  A  for  Only  filled  circles  are  considered  for 

drawing  the  straight  line. 

We  have  determiried  F  for  different  energies  of  the  B  spectrum.  Figure  3  shows  the 
variation  F  with  A,  for^°  Tl.  A  straight  line  has  been  drawn  to  pass  through  the  origin,  be¬ 
cause  it  is  the  theoretical  expectation.  The  slope  of  the  straight  line,  of  course,  gives  the 
mean  F/A.  The  F/A  values  determined  thus  for  ^^'^Tl  and  are  1. 04x1 0'"^  and  1.43xl0''‘5 
respectively. 


CONCLUSIONS 

One  can  notice  that  in  Figs.  3  and  4,  there  is  a  general  trend  for  the  points  to  follow 
a  bowl  shaped  curve.  This  trend  has  also  been  found  for  ®°Sr  -  0  particles  in  the 

energy  region  below  546  keV.  This  is  not  In  accordance  with  the  existing  theory. 
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Further  experiments  have  to  confirm  this  observation. 

The  objection  raised  for  our  finding  of  the  existence  of  Flicker  floor  in  case  of  B 
decay  was  that  it  might  have  occurred  due  to  instrumental  instabilities.  But  we  did  the 
same  type  of  experiment'^'^  for  the  Remission  of  ^^^Cs  with  almost  the  same  experimental 
set  up  except  for  the  detector  and  could  not  find  a  Flicker  floor.  Hence  we  do  not  believe 
that  instrumental  instabilities  are  the  cause  for  the  observed  Flicker  floor  in  B  -decay. 
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Fig.4:  A  plot  of  Flicker  floor  versus  A  for  Only  filled  circles  are  considered  for 

drawing  the  straight  line. 

Now  It  is  fairly  certain  that  1/f  noise  is  not  present  In  oc  and  Y decay  but  is  present  in 
B-decay. 

The  Relative  Allan  variance  is  a  measure  of  the  "error"  i.e.,  the  average  difference 
between  consecutive  measurements  .  Eqns.  4  &  8  show  that,  in  case  of  shot  noise, 
this  error  decreases  Indefinitely  with  increasing  mean  count.  But  when  1/f  noise  is 
present,  this  error  can  never  be  lower  than  F. 
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1/f  NOISE  PROM  THE  "UNIVERSAL"  DIELECTRIC  RESPONSE. 

k^tonoy  V.  M.,  Antohln  A.  Y. 

Moscow  Institute  of  Ptiysics  and  Technology 
Mailing  address:  Nagornaya  8-31,  Dolgoprudniy,  Moscow 
Region,  141700,  Russia. 

Handel's  quantum  theory  *  predicts  1/f  noise  in  any 
physical  system  whenever  the  cross  section  for  the 
quaslelastlc  scattering  of  charged  particles  exhibits  a 
low-frequency  divergence  due  to  infraquanta  of  any  nature 
emission.  Usually  following  the  original  Handel's  paper 
the  1/f  noise  of  electromagnetic  origin  is  considered. 
Handel  and  Musha®  calculated  the  noise  from  the  piezo¬ 
electric  coupling,  and  a  mechanism  of  'phonon 
bremstrahlung'  was  suggested. 

In  the  paper  presented  we  discuss  the  possibility  of 
Infrared  divergence  in  the  quaslelastlc  cross  section 
from  the  charged  particle-dielectric  polarization 
Interaction  in  crystal,  whose  dielectric  response 
function  is  "universal"  ’  .  Numerous  measurements  showed 
that  when  a  step  voltage  U  is  applied  to  a  capacitor  at 
the  moment  t=0,  the  polarization  varies  in  the  following 
way: 

dp/dt  =  U/mt’^),  t>0  (1) 

where  n  is  a  number  less  but  very  close  to  1 .  h  is  a 
constant.  It  was  shown  in  a  lot  of  experiments  that 
eq. (1 )  is  valid  at  least  at  time  Intervals  of  many  days 
while  the  sensitivity  of  equipment  remains  sufficient.  In 
Pourier  space  the  image  part  of  the  dielectric  function 
may  be  written  (at  low  frequencies)  as: 

s"(w)  =  cu"”''  (2) 

Pollowing  the  Handel's  theory  let  us  consider  a 
single  electron  interacting  with  crystal  according  to  the 
formula: 


®lnt"  ^Im'*'  %le 


(3) 


where  represents  the  Interaction  of  the  electron  with 

scattering  centers,  for  Instance  impurities,  and  the 
second  term  describes  the  Interaction  with 

polarization  in  crystal.  Now  we  denote  initial  state  of 
the  system  as  n,kQ>,  and  the  ultimate  as  m,l5^>,  where 

n,m  are  the  quantum  states  of  the  crystal,  and  kg,  - 

wave  vectors  of  the  electron.  According  to  gold  Perm!  rule 
the  probability  of  such  transition  is  given  by: 
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)=2X  )  26(Eo+VS^-E^)  (4) 


Where 


(5) 


'!> 


1 

n,lin>+ - X - 

V^O-ViT 


> 


(6) 


In  the  first  order^of  excitation  theory  all  terais 
except  those  linear  on  may  be  omitted.  After  some 

calculation  we  find  for  the  probability  of  the  electron 
scattering  In  the  solid  angle  dD^  with  energy  quantum  w 

emission  : 


do^  ) 
du 


Oq(Qi  )V 


(271;) 


3-  dqw^(q,a))  I 


qvQ-o>-i7 


/  /r.2l 


w^(q,w)=2e^E"{q,w)/(q'^V) 


1 

qv^  -ccH-iq 


^(7) 

(8) 


The  cross  section  do^ (w,0^ )  may  be  subdivided  In  two 
parts: 

(do^/dto)  =  (do^/du)Q^+(do^/du)g^  (9) 

with  the  first  term  describing  the  process  when  the 
quantum  of  energy  is  generated  long  before  or  after  the 
scattering  on  the  Impurity  potential  (similar  to 
Cherenkov's  irradiation).  It  corresponds  to  the  case  when 
Vq=v^  and  quantum  1/f  noise  in  the  cross  section  of 

Inelastic  scattering  must  be  considered.  It  may  be 
omitted  if  the  scattering  on  the  Impurities  Is  more 
Intensive  than  Inelastic  processes  and  determines  the 
mobility  of  charge  carriers..  For  the  second  term  In  (9) 
after  Integration  over  solid  angle  dfl  and  substitution 

x=q  V  /w  the  following  expression  Is  Stained: 

(do^  (oj.n^  )e"(u)g((f))/(.)  (10) 


g(4))=  dxRe 


I' 


y/2  (  1  -COS(})  ) 


x^  s in^ ({) 
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*Ln 


1  -i^cos(}H-  [2(1  -cosc|))-x^sln^(t>l  ^ 
1  -x^cos(}>-  [  2  ( 1  -cosf )  -x^a  1 


(11) 


Following  the  original  Handel's  theory  Infrared 
divergence  In  the  cross  section  corresponds  to  the  noise 
with  the  spectral  density: 


N  0^“^ 


n  «  1  (12) 


where  g((]))  Is  averaged  over  different  scattering 
processes.  It  Is  worth  mentioning  that  the  same  result 
may  be  obtained  from  classical  M  field  theory 
analogously  to  section  5  In  paper  Ell. 

The  "universal"  dielectric  response  In  matter  Is 
rarely  discussed  In  the  literature.  Nevertheless  the 
similar  effect  Is  known  not  only  In  dielectrics  but  In 
all  systems  that  Involve  matter.  For  instance  the 
mechanical  properties  often  show  the  same  behavior  with 
the  frequency.  The  aim  of  this  paper  was  to  point  out 
close  connection  between  two  universal  low-frequency 
phenomena:  1/f  noise  and  universal  long  time  response  to 
external  influence  on  matter. 
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and 

University  of  Perugia  and  INFN,  Perugia,  Italy 
ABSTRACT 

The  dynamical  Casimir  effect  for  a  frequency  modulated  electromagnetic 
oscillator  is  described  in  terms  of  time  reflections  of  the  oscillator  mode.  From 
an  experimental  viewpoint,  time  reflections  appear  as  radiated  photon  noise. 
The  radiation  noise  temperature  due  to  a  modulation  pulse  is  computed  as  a 
function  of  frequency  uj.  The  noise  temperature  is  shown  to  exhibit  a  “(1/a;)” 
singularity  in  the  limit  a;  ^  0. 

1.  INTRODUCTION 

The  so-called  Casimir  effect  describes  non-classical  electromagnetic  forces 
between  atoms,  molecules  and  condensed  matter  objects  :  Van  der  Waals 
forces  and  force  of  attraction  between  two  parallel  perfectly  conducting  plates, 
for  example^ 

On  the  other  hand,  the  terminology  dynamical  Casimir  effect  shall  be 
used  when  condensed  matter  objects  are  accelerated  so  that  they  can  actually 
radiate  photons^.  Our  purpose  is  to  show  how  the  dynamical  Casimir  effect 
serves  as  a  source  of  “l/a;”  noise^’^’^.  To  be  more  specific  ,  what  we  want  to 
show  is  how  a  pulse  can  cause  an  electromagnetic  signal  moving  backward  in 
time  to  be  reflected  forward  in  time”^.  This  appears  in  laboratory  situations 
as  an  excess  noise  after  the  pulse  and  the  spectrum  shows  a  “(1/a;)”  noise 
behavior  as  the  frequency  to  approaches  zero. 

2.  PHOTON  RADIATION  AND  “1/a;”  NOISE 

To  illustrate  our  point  we  shall  consider  a  single  photon  oscillator  with  a 
time  varying  frequency  modulation  v(t).  The  Hamiltonian  is 

H{t)  =  (1/2)P2  +  (1/2)[cu2  +  v(t)]Q\  (1) 

One  may  write  Q(t)  ~  q(t)  +  with  the  equation  of  motion 

[(d/dty  v(t)]q(t)  —  0^  (2a) 

and  the  backward  in  time  signal  at  frequency  lo  has  the  form 

qin{t)  =  (26) 


158 


©  1993  American  Institute  of  Physics 


E.  Sassaroli  et  al.  159 


The  free  oscillator  propagator  (Feynman-Stiikelberg  boundary  condition) 

D<,(0  =  (*72a;)e-“l‘l,  (3) 

determines  the  complex  amplitude  q{t)  via  Eqs.(2)  and  (3)  as 

/oo 

dsDo{t  -  s)v{s)q{s).  (4) 

-OO 

Thus,  for  a  given  modulation  pulse  v(t)  there  is  a  reflection  forward  in  time 
and  an  attenuated  signal  backward  in  time 

q{t  -^oo)  =  ?(/  ^  -oo)  =  (5) 

where 

/oo  y  CO 

p{u!)  =  -t(l/2a>)  /  dte’“*v{t)q{t). 

-OO  — OO 

(6) 

We  here  define  the  noise  temperature  Tn(c<;)  via  the  Boltzmann  factor 
for  the  probability  that  a  signal  initially  moving  backward  in  time  is  reflected 
forward  in  time  by  the  modulation  pulse  i,e.  |p(u;)p  =  with 

|p(u;)r  +  |eHp  =  l.  (7) 

With  the  Hamiltonian  of  Eq.(l),  the  Heisenberg  operators  Q(t)  and  P{t)  can 
be  used  to  define  creation  a^(t)  and  destruction  a(t)  operators,  i.e. 

Q{t)  =  A/fi/2a;[a(i)e-'“‘  Pit)  =  -i^/hLJ/2[a(t)e-’'^‘  -a\t)e‘‘^*]. 

(8) 

In  the  limit  of  times  long  before  and  long  after  the  pulse® 

a{t  — >  — oo)  ~  ain,  a{t  +oo)  =  aout-  (9) 

The  linear  equations  of  motion  dictate  that 

O-out  —  U (J'in  T  (^9) 

where 

|t/r-|Vp-l,  (lla) 

is  required  by  the  equal  time  commutation  relation 


[a(t),a7*)]  =  1- 


(Hi) 
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If  long  before  the  pulse  the  oscillator  was  at  zero  temperature, 


«in|0>=0,  (12a) 

then  long  after  the  pulse  the  mean  number  of  quanta  in  the  oscillator 

N  — <  0\al^^^aouf\0  >  (126) 

obeys 

N  =  \V\^.  (12c) 

The  coefficients  U  and  V  in  Eq.(lO)  are  related  to  p  and  C  of  Eqs.(5)  via 

\U\^  =  =  \pli\\  (13) 

so  that  Eq.(lla)  is  equivalent  to  Eq.(7),  i,e. 

=  (14) 


Thus  the  noise  temperature  is  determined  by  the  Planck  mean  number  of 
photons  after  the  pulse 


N{l,)  =  l/(eW*T„M  _ 

as  determined  by  Eqs.(12c)  and  (14).  The  noise  produced  by  the  pulse  is  a 
clear  manifestation  of  measuring  signals  due  (in  part)  to  time  reflected  photon 
propagation, 

A  pulse  shape  which  produces  a  noise  temperature  that  can  be  calculated 
in  analytic  form  is  given  by 

v{t)  =  [9,/cosh{TTt/T)Y^  (16) 

where  Q  determines  the  strength  of  the  pulse  and  r  describes  the  pulse  duration 
(see  Fig.l).  The  reflection  probability  is  given  by 

=  [cos^O/{sinh‘^{ujr)^-cos^e)],  (17) 

where  9  —  ^(7r/2)2  + 

In  Fig. 2  a  logarithmic  plot  of  noise  temperature  as  a  function  of  frequency 
is  exhibited,  where  To  =  {fi/rk)  and  the  pulse  strength  O  =(2/r)  for  purposes 
of  illustration.  As  u)  >•  0  there  is  a  clear  “l/o;”  rise  in  the  noise  temperature 

Tniu)  ^  0)  =  (V^7-2)(l/a;), 

where  Tc  is  the  “characteristic  scattering  time”  of  the  pulse. 


(18) 
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Eq.(18)  is  our  central  result  concerning  “(1/u;)”  noise.  For  higher  fre¬ 
quency,  the  noise  temperature  obeys  Tn(a;  oo)  — »■  {?i/2kr),  characteristic  of 
this  particular  pulse  shape. 

In  the  more  general  case,  for  a  pulse  of  finite  duration,  the  behavior  of 
the  transmission  amplitude  as  u;  — >  0  is  given  by 

^  (19) 


apart  from  exceptional  values  of  the  pulse  strength.  Eq.(19)  leads  directly  to 
the  “1/a;”  noise  in  Eq.(18). 


3.  CONCLUSIONS 


There  are  many  physical  systems  that  show  the  dynamical  Casimir  Effect. 
Examples  include:  (i)  soft  photon  radiation  noise  in  electronic  devices^’®’®,  (ii) 
electromagnetic  radiation  from  cavities  whose  geometry  changes  with  time, 
e.g.  light  emission  from  bubble  cavitation  in  a  fluid^. 

The  dynamical  Casimir  effect  in  theory  allows  for  sources  of  radiation 
exploiting  merely  the  modulation  of  the  vacuum. 
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THE  NATURE  OF  FUNDAMENTAL  1/f  NOISE 


P.H.  Handel 

Department  of  Physics,  University  of  Missouri-St.  Louis 
St.  Louis,  MO  63121,  USA 

ABSTRACT 

Fundamental  1/f  noise  is  shown  to  arise  from  nonlinearity  and  homogeneity,  in 
particular  from  the  nonlinear  interaction  of  charged  particles  with  their  own  field  in  QED. 

I.  INTRODUCTION 

The  universal  presence  of  fluctuations  with  a  spectral  density  proportional  to  1/f  both 
in  collision-dominated  solid  state  devices  and  in  ballistic  devices,  or  in  vacuum  tubes  and 
beams  of  charged  particles  has  been  considered  to  be  one  of  the  most  peculiar  aspects  of 
electrophysics,  ever  since  people  learned  to  amplify  electrical  signals  in  the  first  quarter  of  our 
century.  The  plot  thickened  after  Hooge''  pointed  out  in  1969  that  the  known  inverse 
proportionality  of  1/f  noise  with  the  volume  or  the  number  of  carriers  of  the  investigated 
sample  can  be  generalized  as  a  1/N  dependence  with  a  universal  proportionality  constant  of  2 
10*2  independent  of  the  nature  of  the  sample.  With  N  denoting  the  total  number  of  current 
carriers  in  the  sample,  Hooge  empirically  claimed  the  simple  expression  2  lO'^/fN  would  give 
the  spectral  density  of  fractional  current,  voltage,  resistance  and  carrier  mobility  fluctuations  in 
any  condensed  matter  sample,  including  metals  and  electrolytes.  The  claim  was  initially 
successful,  and  the  1/f  fluctuations  were  interpreted  as  mobility  fluctuations.  Later,  his  claim 
was  found  to  be  wrong.  The  coefficient  was  found  to  be  dependent  on  the  sample,  as 
people  had  known  before. 

Hooge's  empirical  relation  came  three  years  after  the  magnetohydrodynamic 
turbulence  model  of  1/f  noise^-^  had  provided  for  the  first  time  a  universal  physical  1/f 
spectrum,  derived  directly  from  Maxwell's  equations  and  classical  Newtonian  fluid  mechanics 
without  identifying  the  instabilities  needed  to  trigger  the  turbulence  at  arbitrarily  low  bias,  and 
therefore  without  a  possibility  of  predicting  the  magnitude  of  1/f  noise  in  any  device. 
Nevertheless,  the  success  of  the  basic  idea  of  the  turbulence  model  in  obtaining  a  universal 
1/f  spectrum  of  the  chaotic  current  fluctuations,  and  in  separating  the  inner  dynamical 
equilibrium  of  turbulent  chaos  from  the  various  instabilities  which  may  have  triggered  the 
turbulence,  deeply  influenced  the  perception  of  1/f  noise  and  encouraged  those  who,  like 
Hooge,  were  looking  for  a  general  unified  explanation  of  the  ubiquitous  1/f  noise  in  1966. 

The  search  (1966-1974)  for  zero-threshold  instabilities  which  could  generate  the 
turbulence  was  unsuccessful;  all  new  instabilities  found  by  this  author  had  a  finite  bias 
threshold.  Therefore  he  included  the  fundamental  quantum  unrest  into  the  theory,  instead  of 
any  particular  type  of  instability.  This  quantization  resulted  in  the  creation  of  the  conventional 
quantum  1/f  theory"^'^  in  1975.  The  new  theory  turned  out  to  be  nothing  but  plain  quantum 
electrodynamics  (QED),  showing  for  the  first  time  that  the  most  important  infrared  radiative 
corrections  to  the  cross  sections  and  process  rates  of  quantum  mechanics  had  been 
overlooked  by  Bloch,  Nordsieck,  Dirac,  Schwinger,  Feynman,  and  the  other  founders  of 
QED,  because  they  were  time-dependent  quantum  fluctuations  which  were  usually  ignored 
in  QED,  being  considered  to  be  physically  irrelevant.  The  spectral  density  of  conventional 
quantum  1/f  noise  fractional  fluctuations,  derived  below  in  Sec.ll,  is  given  by  the  simple 
formula  2aA/fN  which  has  the  empirical  Hooge  form,  with  the  coefficient  2  10*3  of  Hooge 
replaced  by  2aA.  Here  a=e3/Kc=1/137  is  Sommerfeld's  fine  structure  constant,  and 
A=2(Av)3/37rc3  is  the  square  of  the  velocity  change  Av  in  in  the  scattering  process 
considered,  in  units  of  the  speed  of  light  c,  multiplied  by  2/371.  The  quantity  aA/f  is  the  well- 
known  probability  of  bremsstrahlung  emission  into  the  unit  frequency  interval  at  f,  per 
scattered  particle.  Van  Vliet®  has  extended  the  proof  to  a  level  equivalent  to  all  orders  of 
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perturbation  theory  in  the  Van  Hove  weak  interaction  limit,  thereby  confirming  the  form 

as  the  exact  shape  of  the  spectrum,  which  includes  all  infrared  radiative  corrections. 

The  conventional  quantum  1/f  theory  was  criticized  initially  because  it  yielded  in 
general  Hooge  coefficients  lower  than  the  value  2  10'3  observed  in  rnost  macroscopic 
samples.  This  weakness  soon  became  a  strength,  when  the  focus  of  the  scientific  community 
shifted  to  mesoscopic  samples  and  ultrasmall  electronic  devices,  in  which  the  observed 
Hooge  parameters  turned  out  to  be  close  to  the  values  predicted  by  the  quantum  1/f  theory, 
and  much  smaller  (e.g.  10'^),  than  Hooge's  value  of  2  lO’^.  The  latter  obtained  a  new  partial 
lease  on  life  for  the  limit  of  large  samples  and  devices  from  the  quantum  1/f  theory^-'’®  which 
yields  2oJ%  =4.6  lO'^,  In  the  coherent  state  limit.  This  limit,  known  as  coherent  quantum  1/f 
theory,  is  closely  related  to  the  conventional  quantum  1/f  theory,  and  also  represents  plain 
QED,  this  time  for  the  case  of  large  samples.  The  intermediary  sizes  are  covered  by  a  physical 
interpolationio>20.  The  coherent  quantum  1/f  effect  has  recently  been  derived  from  a  well- 
known  QED  propagator  (Sec.  III).  The  whole  quantum  1/f  theory  was  verified  experimentally 
by  van  der  ZieP ''  and  Tacano"' ''  both  in  collision  dominated  and  ballistic  devices  and  systems. 

Fundamental  1/f  noise  in  general  is  defined  as  any  true  1/f  fluctuation,  independent 
of  any  particular  parameters,  which  did  not  appear  accidentally,  through  the  approximation  of  a 
power  law  with  some  closeness  to  the  1/f  dependence  in  a  limited  frequency  interval,  e.g.,  by 
a  fortuitous  superposition  of  Lorentzian  spectra  in  a  certain  frequency  interval.  In  Sec.  IV  we 
show  that  in  any  chaotic  system  the  coexistence  of  nonlinearity  and  homogeneity  guarantees 
a  1/f  spectral  density  which  we  consider  fundamental  from  a  conceptual  or  epistemological 
point  of  view. 

Finally,  we  show  how  coherent  and  conventional  quantum  1/f  noise  can  be  combined 
in  a  heuristic  interpolation  formula  with  a  clear  physical  basis,  and  how  this  combination  can  be 
considered  from  an  ontological  or  constructive  point  of  view  as  the  most  fundamental  form  of 
1/f  noise,  while  being  a  particular  case  of  our  universal  sufficient  criterion.  The  quantum  1/f 
theory  and  the  universal  sufficient  criterion  are  basic  physics,  chapters  of  quantum  mechanics 
or  QED,  with  no  additional  hypotheses  or  free  parameters  of  any  kind,  but  are  often 
misunderstood  as  models  or  obscure  hypothetical  theories,  in  part  because  of  early 
misinterpretations  by  critics. 

II.  CONVENTIONAL  QUANTUM  1/F  EFFECT 

This  effect  is  present  in  any  cross  section  or  process  rate  involving  charged  particles 
or  current  carriers.  The  physical  origin  of  quantum  1/f  noise  is  easy  to  understand.  Consider 
for  example  Coulomb  scattering  of  current  carriers,  e.g.,  electrons  on  a  center  of  force.  The 
scatterect  electrons  reaching  a  detector  at  a  given  angle  away  from  the  direction  of  the 
incident  beam  are  described  by  DeBroglie  waves  of  a  frequency  corresponding  to  their 
energy.  However,  some  of  the  electrons  have  lost  energy  in  the  scattering  process,  due  to 
the  emission  of  Bremsstrahlung.  Therefore,  part  of  the  outgoing  DeBroglie  waves  is  shifted 
to  slightly  lower  frequencies.  When  we  calculate  the  probability  density  in  the  scattered 
beam,  we  obtain  also  cross  terms,  linear  both  in  the  part  scattered  with  and  without 
bremsstrahlung.  These  cross  terms  oscillate  with  the  same  frequency  as  the  frequency  of  the 
emitted  bremsstrahlung  photons.  The  emission  of  photons  at  all  frequencies  results 
therefore  in  probability  density  fluctuations  at  all  frequencies.  The  corresponding  current 
density  fluctuations  are  obtained  by  multiplying  the  probability  density  fluctuations  by  the 
velocity  of  the  scattered  current  carriers.  Finally,  these  current  fluctuations  present  in  the 
scattered  beam  will  be  noticed  at  the  detector  as  low  frequency  current  fluctuations,  and  will 
be  interpreted  as  fundamental  cross  section  fluctuations  in  the  scattering  cross  section  of  the 
scatterer.  While  incoming  carriers  may  have  been  Poisson  distributed,  the  scattered  beam  will 
exhibit  super-Poissonian  statistics,  or  bunching,  due  to  this  new  effect  which  we  may  call 
quantum  1/f  effect.  The  quantum  1/f  effect  is  thus  a  many-body  or  collective  effect,  at  least  a 
two-particle  effect,  best  described  through  the  two-particle  wave  function  and  two-particle 
correlation  function. 

Let  us  estimate  the  magnitude  of  the  quantum  1/f  effect  semiclassically  by  starting 
with  the  classical  (Larmor)  formula  2q2a2/3c3  for  the  power  radiated  by  a  particle  of  charge  q 
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and  acceleration  a.  The  acceleration  can  be  approximated  by  a  delta  function  a(t)  =  Av6(t) 
whose  Fourier  transform  Av  is  constant  and  is  the  change  in  the  velocity  vector  of  the  particle 
during  the  almost  Instantaneous  scattering  process.  The  one-sided  spectral  density  of  the 
emitted  Bremsstrahlung  power  4q2{Av)2/3c^  is  therefore  also  constant.  The  number 
4q2(Av)2/3hfc^  of  emitted  photons  per  unit  frequency  interval  is  obtained  by  dividing  with 
the  energy  hf  of  one  photon.  The  probability  amplitude  of  photon  emission  [4q(Av)2/ 
3hfc^]“*^20i7  jg  given  by  the  square  root  of  this  photon  number  spectrum,  including  also  a 

phase  factor  e'T  Let  \j/  be  a  representative  Schrddinger  catalogue  wave  function  of  the 
scattered  outgoing  charged  particles,  which  is  a  single-particle  function,  normalized  to  the 
actual  scattered  particle  concentration.  The  beat  term  in  the  probability  density  p=ivl^  is 
linear  both  in  this  Bremsstrahlung  amplitude  and  in  the  non-Bremsstrahlung  amplitude.  Its 
spectral  density  will  therefore  be  given  by  the  product  of  the  squared  probability  amplitude  of 
photon  emission  (proportional  to  1/f)  with  the  squared  non-Bremsstrahlung  amplitude  which 
is  independent  of  f.  The  resulting  spectral  density  of  fractional  probability  density  fluctuations 
is  obtained  by  dividing  with  lyl^  and  is  therefore 

|i(r|-4S|,;,|2(f)  =  8q2(Av)2/3hfNc3  =  2aA/fN  =  r2Sj(f),  (1) 

where  a  =  e2/hc  =  1/137  is  the  fine  structure  constant  and  oA  =  4q2(Av)2/3hc2  is  known 
as  the  infrared  exponent  in  quantum  field  theory,  and  is  known  as  the  quantum  1/f  noise 
coefficient,  or  Hooge  constant,  in  electrophysics. 

The  spectral  density  of  current  density  fluctuations  is  obtained  by  multiplying  the 
probability  density  fluctuation  spectrum  with  the  squared  velocity  of  the  outgoing  particles. 
When  we  calculate  the  spectral  density  of  fractional  fluctuations  in  the  scattered  current  ],  the 
outgoing  velocity  simplifies,  and  therefore  Eq.  (1)  also  gives  the  spectrum  of  current 
fluctuations  Sj(f),  as  indicated  above.  The  quantum  1/f  noise  contribution  of  each  carrier  is 
independent,  and  therefore  the  quantum  1/f  noise  from  N  carriers  is  N  times  larger;  however, 
the  current  j  will  also  be  N  times  larger,  and  therefore  in  Eq.  (1)  a  factor  N  was  included  in  the 
denominator  for  the  case  in  which  the  cross  section  fluctuation  is  observed  on  N  carriers 
simultaneously. 

The  fundamental  fluctuations  of  cross  sections  and  process  rates  are  reflected  in 
various  kinetic  coefficients  in  condensed  matter,  such  as  the  mobility  ja  and  the  diffusion 
constant  D,  the  surface  and  bulk  recombination  speeds  s,  and  recombination  times  x,  the  rate 
of  tunneling  and  the  thermal  diffusivity  In  semiconductors.  Therefore,  the  spectral  density 
of  fractional  fluctuations  in  all  these  coefficients  is  given  also  by  Eq.  (1). 

When  we  apply  Eq.  (1 )  to  a  certain  device,  we  first  need  to  find  out  which  are  the  cross 
sections  a  or  process  rates  which  limit  the  current  I  through  the  device,  or  which  determine 
any  other  device  parameter  P,  and  then  we  have  to  determine  both  the  velocity  change  Av  of 
the  scattered  carriers  and  the  number  N  of  carriers  simultaneously  used  to  test  each  of  these 
cross  sections  or  rates.  Then  Eq.  (1)  provides  the  spectral  density  of  quantum  1/f  cross 
section  or  rate  fluctuations.  These  spectral  densities  are  multiplied  by  the  squared  partial 
derivative  (5l/3a)2  of  the  current,  or  of  the  device  parameter  P  of  interest,  to  obtain  the  spectral 
density  of  fractional  device  noise  contributions  from  the  cross  sections  and  rates  considered. 
After  doing  this  with  all  cross  sections  and  process  rates,  we  add  the  results  and  bring  (factor 
out)  the  fine  structure  constant  a  as  a  common  factor  in  front.  This  yields  excellent  agreement 
with  the  experiment"’''  in  a  large  variety  of  samples,  devices  and  physical  systems. 

Eq.  (1)  was  derived  in  second  quantization,  using  the  commutation  rules  for  boson 
field  operators.  For  fermions  one  repeats  the  calculation  replacing  in  the  derivation  the 
commutators  of  field  operators  by  anticommutators,  which  yields^ 

p-2Sp(f)  =  j-2Sj(f)  =  cr2So(f)  =  2aAA{N-1). 


(2) 
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This  causes  no  difficulties,  since  N>2  for  particle  correlations  to  be  defined,  and  is  practically 
the  same  as  Eq.  (10),  since  usually  N»1.  Eqs.  (1)  and  (2)  suggest  a  new  notion  of  physical 
cross  sections  and  process  rates  which  contain  1/f  noise,  and  express  a  fundamental  law  of 
physics,  important  in  most  high-technology  applications^. 

We  conclude  that  the  conventional  quantum  1/f  effect  can  be  explained  in  terms  of 
interference  beats  between  the  part  of  the  outgoing  DeBroglie  waves  scattered  without 
bremsstrahlung  energy  losses  above  the  detection  limit  (given  in  turn  by  the  reciprocal 
duration  T  of  the  1/f  noise  measurement)  on  one  hand,  and  the  various  parts  scattered  with 
bremsstrahlung  energy  losses;  but  there  is  more  to  it  than  that:  exchange  between  identical 
particles  is  also  important.  This,  of  course,  Is  just  one  way  to  describe  the  reaction  of  the 
emitted  bremsstrahlung  back  on  the  scattered  current.  This  reaction,  itself  an  expression  of 
the  nonlinearity  introduced  by  the  coupling  of  the  charged-particle  field  to  the 
electromagnetic  field,  thus  reveals  itself  as  the  cause  of  the  quantum  1/f  effect,  and  implies 
that  the  effect  can  not  be  obtained  with  an  independent  boson  model.  The  effect,  just  like 
the  classical  turbulence-generated  1/f  noise^-^,  is  a  result  of  the  scale-invariant  nonlinearity  of 
the  equations  of  motion  describing  the  coupled  system  of  matter  and  field.  Ultimately, 
therefore,  this  nonlinearity  is  the  source  of  the  1/f  spectrum  In  both  the  classical  and  quantum 
form  of  the  theory.  We  can  say  that  the  quantum  1/f  effect  is  an  infrared  divergence 
phenomenon,  this  divergence  being  the  result  of  the  same  nonlinearity.  The  quantum  1/f 
effect  Is,  in  fact,  the  first  time-dependent  infrared  radiative  correction.  Finally,  it  is  also 
deterministic  in  the  sense  of  a  well  determined  wave  function,  once  the  initial  phases  y  of  all 
field  oscillators  are  given.  In  quantum  mechanical  correspondence  with  its  classical 
turbulence  analog^-^,  the  new  effect  is  therefore  a  quantum  manifestation  of  classical  chaos 
which  we  can  take  as  the  definition  of  a  certain  type  of  quantum  chaos. 

III.  DERIVATION  OF  COHERENT  QUANTUM  1/F  NOISE 

The  present  derivation  is  based  on  the  well-known  new  propagator  Gs(x’-x)  derived 
relativlstically''2.l3  jp  1975  jp  a  new  picture  required  by  the  infinite  range  of  the  Coulomb 
potential.  The  corresponding  nonrelativistic  form'*^  ^35  provided  by  Zhang  and  Handel: 

-i<Oo|T\{rs'(x')xjr|(x)|<I>o>  =  5ss’  Gs(x'-x) 

=  (i/V)S{expi[p(r-r)-p2(t-t')/2ml/li}np,s 

P 

x{-ip(r-r')/R+i(m2c2+p2)l/2(t-t')(c/]i)}^^.  (3) 

Here  (x=e2/Kc=1/137  is  Sommerfeld’s  fine  structure  constant,  np.s  the  number  of  electrons  in 
the  state  of  momentum  p  and  spin  s,  m  the  rest  mass  of  the  fermions,  6ss’  the  Kronecker 
symbol,  c  the  speed  of  light,  x=(r,t)  any  space-time  point  and  V  the  volume  of  a  normalization 
box.  T  is  the  time-ordering  operator  which  orders  the  operators  in  the  order  of  decreasing 
times  from  left  to  right  and  multiplies  the  result  by  (-1)^,  where  P  is  the  parity  of  the 
permutation  required  to  achieve  this  order.  For  equal  times,  T  normal-orders  the  operators, 
i.e.,  for  t=t*  the  left-hand  side  of  Eq.  (3)  is  i<Ooi\i/t(x)\|is'{x’)|<I>o>-  The  state  ^>o  oi  the  N 
electrons  is  described  by  a  Slater  determinant  of  single-particle  orbitals. 

The  resulting  spectral  density  coincides  with  the  result  2a/7cfN,  first  derived®  directly 
from  the  coherent  state  of  the  electromagnetic  field  of  a  physical  charged  particle.  The 
connection  with  the  conventional  quantum  1/f  effect  was  suggested  later^. 

To  calculate  the  current  autocorrelation  function  we  need  the  density  correlation 
function,  which  is  also  known  as  the  two-particle  correlation  function.  The  two-particle 
correlation  function  Is  defined  by 


<Oo|T\|4(x)\i/s(x)\i4’(x*)\ys*(x*)|<I>o>  =  <%lVt(x)\Ks(x)|Oo><%IV^*(x’)\j/s'(x')10o> 

-«I>o!Txi/s*(x’)V^(x)|<I>o>«I>olTvs(x)\j4*(x')l%>- 


(4) 
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The  first  term  can  be  expressed  in  terms  of  the  particle  density  of  spin  s,  n/2  =  N/2V  = 
<Oolvl(x)\|/s(x)|Oo>,  while  the  second  term  can  be  expressed  in  terms  of  the  Green  function 
(1)  in  the  form 

Ass-(x-x')  =«&o!¥l(x)\}/|'(x')Vs'(x')\}/s(x)|Oo>  =(n/2)2  +5ss’  Gs(x’-x)Gs(x-x’).  (5) 

The  "relative"  autocorrelation  function  A(x-x’)  describing  the  normalized  pair 
correlation  independent  of  spin  is  obtained  by  dividing  by  n^  and  summing  over  s  and  s' 


A(x-x’)  =  1  -  (1/n2)XGs(x-x’)Gs(x'-x) 
s 


=  1  -(1/n2)X  Z{expi[(p-p'){r-r’}-{p2-p'2)(t-r)/2m]/K)np,snp-,s 

s  pp’ 

x{p(r-r')/K-(m2c2+p2)l/2(t-t')(c/R)}a/^ 

x{p’(r-r’)/fi-(  m2c2+p'2)  1  /2(t-t')  {c/K)}“^^.  (6) 

Here  we  have  used  Eq.  (1).  We  now  consider  a  beam  of  charged  fermions,  e.g.,  electrons, 
represented  in  momentum  space  by  a  sphere  of  radius  pp,  centered  on  the  momentum  Po 
which  is  the  average  momentum  of  the  fermions.  The  energy  and  momentum  differences 
between  terms  of  different  p  are  large,  leading  to  rapid  oscillations  in  space  and  time  which 
contain  only  high-frequency  quantum  fluctuations.  The  low-frequency  and  low-wavenumber 
part  A|  of  this  relative  density  autocorrelation  function  is  given  by  the  terms  with  p=p' 

A|(x-x’)  =  1  -(1/n2)X  Inp,s 

s  p 

x{p(r-r')/}l-(m2c2+p2)  1  ^2(t-t' }{c/fi)}2a/^  (7) 

=  1  -  (1/N)iPo(r-r')/h-mc2x/ll|2<^^  for  pF«|po3-mc2T/z|.  (8) 

Here  we  have  used  the  mean  value  theorem,  considering  the  lain  power  as  a  slowly  varying 
function  of  p  and  neglecting  Po  in  the  coefficient  of  x  =t-t',  with  z=|r-r'|.  Using  the  identity^ 
with  arbitrarily  small  cutoff  coq,  we  obtain  from  Eq.  (8)  with  0  =  jpo(r-r')/li-mc2x/K|  the  exact  form 


oo 

Ai(x-x')  =  1  +  [(20!/jiN)  J(mc2/nco)2“'’'cos(eco)dco/(o] 

COo 

OO 

x{cosa  +  (2a/jt)  i:(eo3o)2n-2a/7uj(2n)!{2n-2a/7i)]-''}-^ .  (9) 

n=0 


This  indicates  a  a3’‘''2«/^  spectrum  and  a  1/N  dependence  of  the  spectrum  of  fractional 
fluctuations  in  density  n  and  current  j,  if  we  neglect  the  curly  bracket  in  the  denominator  which 
is  very  close  to  unity  for  very  small  (Oq.  The  fractional  autocorrelation  of  current  fluctuations  6j 
is  obtained  by  multiplying  Eq.  (5)  on  both  sides  with  epo/m,  and  dividing  by  (enpo/m)2  which  is 
the  square  of  the  average  current  density  j,  instead  of  just  dividing  by  n2.  it  is  the  same  as  the 
fractional  autocorrelation  for  quantum  density  fluctuations.  Then  Eq.  (9)  for  the  coherent 
Quantum  Electrodynamical  chaos  process  in  electric  currents  can  be  written  also  in  the  form 


S5j/j(k)  -  [2a/7i:coN][mc2/fico]2a/7r  2aJnm  =  0. 00465/ coN. 


(10) 
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Being  observed  in  the  presence  of  a  constant  applied  field,  these  fundamental 
quantum  current  fluctuations  are  usually  interpreted  as  mobility  fluctuations'*.  Most  of  the 
conventional  quantum  1/f  fluctuations  in  physical  cross  sections  and  process  rates  are  also 
mobility  fluctuations,  but  some  are  also  in  the  recombination  speed  or  tunneling  rate. 

IV.  SUFFICIENT  CRITERION  FOR  FUNDAMENTAL  1/F  NOISE 

In  spite  of  the  practical  success  of  our  quantum  1/f  theory  in  explaining  electronic  1/f 
noise  in  most  high  tech  devices,  and  in  spite  of  the  conceptual  success  of  our  earlier  classical 
turbulence  approach  to  1/f  noise,  the  question  about  the  origin  of  nature’s  omnipresent  1/f 
spectra  remained  unanswered.  During  the  last  three  decades,  we  have  claimed  repeatedly 
that  nonlinearity  is  a  general  cause  of  1/f  noise.  The  present  paper  proves  that  nonlinearity 
always  leads  to  a  1/f  spectrum  if  homogeneity  is  also  present  in  the  equation(s)  of  motion. 
Specifically,  if  the  system  is  described  in  terms  of  the  dimensionless  vector  function  Y(x,t)  by 
the  m^*^  order  nonlinear  differential  equation 

3Y/dt  +  F(x,  Y,  aY/0xi  ...dY/dxp,  d^Y/dx-j^ . =  0  (11) 

a  1/f  spectrum  is  obtained  if  the  nonlinear  function  F  satisfies  the  homogeneity  condition 

F[kx,  Y,  dY/{Xdx-^)...dY/(kdx^),  d^Y/{ldx^f . amY/(X3xn)n^] 

=  VPF(x,  Y,  dY/dx^...dY/dx^,  d^Y/dx^^ . d'^Y/dx^^^),  (12) 

for  any  real  number  X.  The  order  of  homogeneity  is  the  number  -p.  Performing  a  Fourier 

transformation  of  Eq.  (10)  with  respect  to  the  vector  x(xi,  X2, . Xn),  we  get  in  terms  of  the 

Fourier-transformed  wavevector  k  the  nonlinear  integro-differential  equation 

ay(k,t)/at  +  G[k,  y(k,t),  kiy(k,t)...kny(k,t),  ki2y(k,t) . kni^yik,!)]  =  0,  (13) 

where  y(k,t)  is  the  Fourier  transform  of  Y(x,t).  Due  to  Eq.  (12),  the  nonlinear  integro- 
differential  operator  G  satisfies  the  relation 

G[Xk,  y,  ).kiy...Xkny,  (>.ki)2y . (Xkpj'^y] 

=  XPG[k,  y,  kiy...kny,  ki2y . kpHy],  (14) 

where  the  integration  differentials  dk,  dk',  etc.,  are  excepted  from  replacement  with  >.dk,  Xdk', 
etc.  Eq.  (13)  can  thus  be  rewritten  in  the  form 

dy/d(t/XP)  +  G[>.k,  y,  Xkiy,..Xkny,  (Xki)2y . (Xkn)iTV]  =  0,  (15) 

Taking  X=1/k,  where  k=|k|=(ki2+...,+kn2)1/2^  and  setting  kPt=z,  we  notice  that  k  has  been 
eliminated  from  the  dynamical  equation,  and  only  k/k  is  left.  This  means  that  there  is  no 
privileged  scale  left  for  the  system  in  x  or  k  space,  other  than  the  scale  defined  by  the  given 
time  t,  and  expressed  by  the  dependence  on  z.  We  call  this  property  of  the  dynamical  system 
"sliding-scale  invariance". 

In  certain  conditions,  instabilities  of  a  solution  of  Eq.  (10)  may  generate  chaos,  or 
turbulence.  In  a  sufficiently  large  system  described  by  the  local  dynamical  equation  (10),  In 
which  the  boundary  conditions  become  immaterial,  homogeneous,  isotropic  turbulence, 
(chaos)  can  be  obtained,  with  a  spectral  density  determined  only  by  Eq.  (10).  The  stationary 
autocorrelation  function  A(t)  is  defined  as  an  average  scalar  product,  the  average  being  over 
the  turbulent  ensemble 
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A(x)  =  <Y(x.t)Y{x.t+T)>  =  j<y(k.t)y(k,t+T)>dnk  =  Ju(k,z)dnk.  (16) 

Here  we  have  introduced  the  scalar 

u(k,z)  =  <y(k,t)y(k,t+i:)>  (17) 

of  homogeneous,  isotropic  chaos  (turbulence),  which  depends  only  on  ]k]  and  z^kPx.  All 
Integrals  are  from  minus  infinity  to  plus  infinity.  The  chain  of  integro-differential  equations  for 
the  correlation  functions  of  any  order  obeys  the  same  sliding-scale  invariance  which  we  have 
noticed  in  the  fundamental  dynamical  equation  above.  Therefore,  in  isotropic, 
homogeneous,  conditions,  u  can  only  depend  on  k  and  z.  Furthermore,  the  direct 
dependence  on  k  must  reflect  this  sliding-scale  invariance,  and  is  therefore  of  the  form 

u(k,z)  =  k-fV(z).  (18) 

Indeed,  only  this  form  insures  that  u(k,z)d'^k  and  therefore  also  the  corresponding  integrals 
and  multiple  convolutions  in  k  space  have  the  necessary  sliding-scale  invariance. 

According  to  the  Wiener-Khintchine  theorem,  the  spectral  density  is  the  Fourier-transform 
of  A(t), 


Sy(f)  =  je27cifxA(T)di  =  (1/f)  Je27cit'Jk’-nv(z)dnk’dr  =  C/f,  (19) 

where  we  have  set  fx=t’,  k^=fk''^,  z=k'^T=k’'^t',  and  the  integral 

C  =  Je2^'^'|k"'^v(z)d'^k'dt’  =  J  Jk”'^v(k"'^)d’^k"dt'  (20) 

is  independent  of  f.  We  have  defined  the  vector  k"=t''*^'^  k. 

The  general  form  of  our  criterion  considers  a  system  described  in  terms  of  the  integro- 
differential  system  of  equations 

0[t,  X,  Y,  ^Y/3t,  3Y/3xi...aY/3xn,  . an^Y/axp^ri)  =  o  (21) 

where  the  vector  function  O  may  be  nonlinear  in  any  of  its  arguments,  with  the  partial 
derivative  with  respect  to  .  If  a  number  S  exists  such  that  Eq.  (11)  implies 

0[X%  lx,  Y.  aY/X^at,  dY/ldx^..dY/Xdx^,  d^Y/X^^dt^,  d^Y/X^dx^^ . d^Y/X^Bx^'^)  =  0 

(22) 

for  any  real  number  X,  the  power  spectral  density  of  any  chaotic  solution  for  the  vector 
function  Y  defined  by  Eq.  (1 1)  is  proportional  to  1/f. 

Here  we  have  assumed  that  there  are  no  boundary  conditions  associated  with  Eq. 
(22),  or  that  any  boundary  conditions  included  would  satisfy  the  same  homogeneity 
conditions. 

In  conclusion,  nonlinearity  -i-  homogeneity  =  1/f  noise,  provided  the  system  is  chaotic. 
The  ultimate  cause  of  the  ubiquitous  1/f  noise  In  nature  is  the  omnipresence  of  nonlinearities 
(no  matter  how  weak)  and  homogeneity.  The  latter  is  finally  related  to  rotational  (or  Lorentz) 
invariance  and  therefore  to  the  isotropy  of  space  (or  space-time).  All  our  four  specific  theories 
of  1/f  chaos  in  nonlinear  systems  are  just  special  cases  to  which  this  criterion  is  applicable. 
They  include  our  magneto-plasma  theory  of  turbulence  for  current  carriers  in  intrinsic 
symmetric  semiconductors^  (1966),  our  similar  theory  for  metals^  (1971),  the  quantum  1/f 
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theory^'^  (pure  QED,  1975,  see  below),  and  the  spectral  theory  of  Musha’s  highway  traffic 
turbulence  results'^®  (1989).  Applied  to  the  motion  of  a  nonlinearly  interacting  chain  of  atoms, 
it  predicts  no  1/f  spectrum.  Starting  from  a  wrong  defining  equation  of  the  chain,  both  our 
criterion  and  direct  calculation  allowed  for  1/f  noise  in  a  special  case''®,  but  the  correct  defining 
equation  does  not  fulfill  the  criterion,  and  no  1/f  spectrum  is  expected.  However,  1/f 
fluctuations  in  phonon  number,  in  frequency,  and  in  phase  are  predicted  by  the  criterion,  are 
derived  directly'' ^  with  the  quantum  1/f  theory,  and  have  been  experimentally  verified''^-''®,  in 
piezoelectric  crystals. 

V.  APPLICATION  TO  QED:  QUANTUM  1/F  THEORY  AS  A  SPECIAL  CASE 

The  nonlinearity  causing  the  1/f  spectrum  of  turbulence  in  both  semiconductors  and 
metals  Is  caused  by  the  reaction  of  the  field  generated  by  charged  particles  and  their  currents 
back  on  themselves.  The  same  nonlinearity  is  present  in  quantum  electrodynamics  (QED), 
where  it  causes  the  infrared  divergence,  the  Infrared  radiative  corrections  for  cross  sections 
and  process  rates,  and  the  quantum  1/f  effect.  We  shall  prove  this  on  the  basis  of  our 
sufficient  criterion  for  1/f  spectral  density  in  chaotic  systems. 

Consider  a  beam  of  charged  particles  propagating  in  a  well-defined  direction  which  we 
shall  call  the  x  direction,  so  that  the  one-dimensional  Schrodinger  equation  describes  the 
longitudinal  fluctuations  in  the  concentration  of  particles.  Considering  the  non-relativistic 
case  which  is  encountered  in  most  quantum  1/f  noise  applications,  we  write  in  second 
quantization  the  equation  of  motion  for  the  Heisenberg  field  operators  \j/  of  the  in  the  form 

ifidv/at  =  (1/2m)[-ihV  -(e/c)  A]2v|;,  (23) 


This  satisfies  our  homogeneity  criterion  with  p=-2.  Our  sufficient  criterion  only  requires 
homogeneity,  with  any  value  of  the  weight  p,  for  the  existence  of  a  1/f  spectrum  in  chaos. 
Therefore,  we  expect  a  1/f  spectrum  of  quantum  current-fluctuations,  i.e.,  of  cross  sections 
and  process  rates  in  physics,  as  derived  in  detail  earlier'' '®’'' 2-1 4  \s  in  agreement  with  the 
well-known,  and  experimentally  verified,  results  of  the  Quantum  1/f  Theory. 

In  conclusion,  we  realize  that,  both  in  classical  and  quantum  mechanical  nonlinear 
systems,  the  limiting  behavior  at  low  wave  numbers  is  usually  expressed  by  homogeneous 
functional  dependences,  leading  to  fundamental  1/f  spectra  on  the  basis  of  our  criterion. 
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VI.  DISCUSSION 

The  derivations  of  conventional  and  coherent  quantum  1/f  noise  in  Sec.  II  and  III 
correspond  to  different  physical  situations.  These  two  situations  have  been  discussed  on  the 
first  page  of  the  1966  turbulence  paper,  at  the  beginning  of  this  long  journey  which  led  us 
from  the  classical  hydromagnetic  or  plasma  turbulence  to  quantum  1/f  noise  and  the  general 
sufficient  criterion.  The  discussion  of  these  two  situations  was  repeated  identically"’ °  for  the 
quantized  form  of  our  turbulence  theory,  i.e.,  for  the  two  related  quantum  1/f  effects  in  1985. 
It  shows  us  that  conventional  quantum  1/f  noise  is  observed  in  small  samples,  for  which  most 
of  the  drift  energy  of  the  current  carriers  is  included  in  the  sum  of  their  individual  kinetic 
energies  mv2/2.  For  larger  samples,  and  larger  values^*^  of  the  parameter  s  measuring  this 
proportion  numerically,  most  of  the  drift  energy  of  the  carriers  is  in  their  collective  magnetic 
energy  Ll^/a.  The  transition  between  the  two  situations  is  given  by  a  physical  interpolation 
formula"’^,  and  is  the  focus  a  present  research  effort  discussed  in  the  paper  by  Handel  and 
Zhang^O  in  this  volume. 

Our  criterion  shows  how  homogeneity  provides  the  ingredient  leading  from 
nonlinearity  to  1/f  noise.  Physically,  the  homogeneity  is  required  both  by  the  physical 
requirement  of  dimensional  homogeneity  of  terms  in  the  equations  of  physics,  and  by  the 
invariance  of  the  three-dimensional  space  with  respect  to  rotations,  i.e.,  by  the  isotropy  of 
space,  which  requires  x-j ,  X2,  and  x  3  to  enter  in  the  same  way  into  the  basic  laws  of  nature.  In 
general,  we  conclude  that  the  ubiquity  of  the  1/f  spectrum  is  caused  by  the  omnipresence  of 
nonlinearities,  no  matter  how  small,  and  by  the  simultaneous  requirement  of  rotational  and 
Lorentz  invariance  which  shape  the  world  of  classical  and  relativistic  physics  respectively.  In 
general,  we  conclude  that  ontologically,  i.e.,  from  the  construction  of  our  world  with  quarks 
and  leptons,  quantum  1/f  noise  theory  gives  the  cause  of  fundamental  1/f  noise,  while 
epistemologically,  i.e.,  in  the  world  of  general  notions,  the  combination  of  nonlinearity  and 
homogeneity  required  by  our  general  sufficient  criterion  is  the  ultimate  cause  of  all 
fundamental  1/f  noise,  including  the  ontlogically  primordial  quantum  1/f  noise  as  a  special 
case.  Mathematically,  this  happens  in  all  fundamental  1/f  spectra  on  the  basis  of  the 
idempotence  of  1/f^’^  with  respect  to  convolutions  in  the  limit  8->0,  with  e=aA  in  the  case  of 
quantum  1/f  noise.  In  practice,  however,  the  idempotent  property  of  1/f  does  not  allow  us  to 
distinguish  which  systems  will  show  1/f  fluctuations,  while  the  general  sufficient  criterion,  first 
presented  at  the  Symposium  on  1/f  Nose  and  Chaos  In  Tokyo,  March  1991,  allows  us  to  easily 
recognize  the  systems  which  generate  1/f  spectra,  if  their  mathematical  definition  is  given  in 
terms  of  a  dynamical  system  of  nonlinear  integro-differential  equations,  or  in  simpler  terms. 

We  note  that  our  sufficient  criterion  explains  the  ubiquity  of  1/f  noise  through  a 
homogeneity  which  can  be  established  sometimes  even  without  knowing  the  exact  form  of 
the  dynamical  equation(s)  governing  a  nonlinear  system.  The  derivation  of  the  criterion 
shows  that  it  is  obviously  connected  with  (actually  based  on)  the  idempotent  property  of  the 
1/f  spectrum  with  respect  to  the  convolution  operation.  Therefore  the  1/f  spectrum 
corresponds  to  an  accumulation  point  in  Hilbert  space,  as  was  first  demonstrated^-^  directly  in 
1966  and  1971 .  Due  to  the  divergence  of  the  integral  of  1/f  at  f=0,  this  author  reformulated 
this  accumulation  point  properly  in  dimensional  analysis  terms  before  submitting  his  paper'll 
for  publication  in  1980;  in  this  form,  the  argument  is  more  elegant  and  avoids  the  divergence 
at  f=0.  The  idea  was  rediscovered  by  Kawai  in  Japan  and  is  presented  by  him  in  the  present 
volume  without  reference  to  the  1980  paper,  although  he  was  informed  about  it  in  time. 
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GENERAL  DISCUSSION  OF  COHERENT  QUANTUM  1/F  NOISE 
IN  SMALLER  SEMICONDUCTOR  SAMPLES 
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ABSTRACT 

Various  avenues  of  research  into  the  connection  between  coherent  and 
conventional  quantum  1/f  noise  are  discussed  in  terms  of  the  relevant  propagator. 

INTRODUCTION 

From  the  beginning  of  the  theory  of  fundamental  1/f  noise  in  semiconductors  and 
metals  two  situations  were  distinguished'' .  The  first,  applicable  to  small  semiconductor 
samples  and  very  small  (mesoscopic)  metallic  samples,  has  most  of  the  energy  excess 
Nmvd2/2  present  in  the  stationary  state  carrying  a  finite  current  through  the  sample,  (excess 
over  the  energy  of  the  equilibrium  state),  contained  in  the  sum  of  the  individual  kinetic 
energies  of  the  N  current  carriers  Zj  rw^l2.  Here  the  velocities  Vj  of  the  carriers  of  mass  m 
contain  a  small  drift  term  v^.  The  second,  applicable  in  larger  semiconductor  or  metal  has  most 
of  that  energy  excess  contained  in  the  collective  magnetic  energy  of  the  current  carrying 
state,  J(B2/8;r)d^x  =  L|2/2.  The  ratio  s  of  this  magnetic  energy  to  the  kinetic  energy  excess  is 
roughly  equalL2  to  the  number  of  carriersN'  per  unit  length  of  the  sample,  multiplied  by  the 
classical  radius  of  the  electron  ro=e^/mc2:  s  =  NYo-  This  situation  was  considered  already  in 
Handel's  classical  magnetic  turbulence  theory"' >3. 

In  the  first  situation  conventional  quantum  1/f  noise  is  applicable  for  fluctuations  in 
physical  scattering  cross  sections  cr,  in  physical  process  rates  r,  and  in  mobility  p  or  diffusion 
coefficient  D,  (the  latter  two  only  if  exclusively  limited  by  c  or  F) 

a'2Scr(f)  =  r'2Sr(f)  =  P'^S^(f)  =  2aA/fN,  (s«1)  (1 ) 

because  in  this  case  the  coherent,  collective,  term  in  the  Hamiltonian  is  negligible.  In  the 
second  case,  however,  the  coherent  quantum  1/f  effect‘d  is  dominant 

i-2Sj(f)  =  4-2S^,(f)  =  2a/7rfN,  (s>1)  (2) 

because  the  incoherent,  kinetic,  term  can  be  neglected. 

For  the  intermediary  case,  an  interpolation  formula  was  proposed^ 

j-2Sj(f)  =  n-2Sn(f)  =  (2a/fN){/V(s+1)  +  s/jc(s+1)},  (3) 

which  is  heuristic.  The  main  purpose  of  this  paper  is  to  discuss  various  avenues  to  derive  the 
correct  form  for  the  intermediary  situation,  and  to  consider  initially  the  problem  of  coherent 
quantum  1/f  noise  in  the  s<1  case. 

We  start  in  Sec.  II  with  a  brief  derivation  of  coherent  quantum  1/f  noise  from  a 
quantum-electrodynamical  propagator.  In  Sec.  Ill  we  discuss  various  lines  of  attack  in  the 
derivation  of  a  propagator  which  would  be  applicable  to  small  condensed  matter  samples  and 
devices.  Finally,  in  Sec.  IV  we  discuss  the  difficulties  present  and  the  physics  which  has  still  to 
be  incorporated. 


II.  COHERENT  QUANTUM  1/F  NOISE 

The  present  derivation  is  based  on  the  well-known  new  propagator  Gs(x’-x)  derived 
relativistically®’^  in  1975  in  a  new  picture  required  by  the  infinite  range  of  the  Coulomb 
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potential.  The  corresponding  nonrelativistic  form®  was  provided  by  Zhang  and  Handel: 
-i«I)o|T\|/s'(xM(x)l<E>o>  =  5ss’  Gs(x -x) 

=  (IA/)I{expi[p(r-r')-p2(M')/2m]/K}np,s 

P 

x{-ip(r-r')/R+i(m2c2+p2)l/2(l_t')(c/K)}“^’^.  (4) 

Here  a=e2/fic=1 /1 37  is  Sommerfeld's  fine  structure  constant,  np,s  the  number  of  electrons  in 
the  state  of  momentum  p  and  spin  s,  m  the  rest  mass  of  the  fermions,  6ss'  the  Kronecker 
symbol,  c  the  speed  of  light.  x=(r,t)  any  space-time  point  and  V  the  volume  of  a  normalization 
box.  T  is  the  time-ordering  operator  which  orders  the  operators  in  the  order  of  decreasing 
times  from  left  to  right  and  multiplies  the  result  by  (-1)^,  where  P  is  the  parity  of  the 
permutation  required  to  achieve  this  order.  For  equal  times,  T  normal-orders  the  operators, 
i.e.,  for  t=t'  the  left-hand  side  of  Eq.  (4)  is  i<Oolvt(x)Vs'(x')i<l‘o>-  The  state  Oq  of  the  N 
electrons  is  described  by  a  Slater  determinant  of  single-particle  orbitals. 

The  resulting  spectral  density  coincides  with  the  result  2oc/7ifN,  first  derived^  directly 
from  the  coherent  state  of  the  electromagnetic  field  of  a  physical  charged  particle.  The 
connection  with  the  conventional  quantum  1/f  effect  was  suggested  later^. 

To  calculate  the  current  autocorrelation  function  we  need  the  density  correlation 
function,  which  Is  also  known  as  the  two-particle  correlation  function.  The  two-particle 
correlation  function  is  defined  by 

<Oo|T\i/|(x)vs(x)Y^’(x’)ys'(x’)|Oo>  =  «I>o|>i/|(x)\j/s(x)|Oo>«I>olVl’(x')\};s’(x’)|Oo> 

-  «l>o|Tvs’(x')vi(x)  |^o><^olTxirs(x)y|’(x')|<I>o>.  (5) 

The  first  term  can  be  expressed  in  terms  of  the  particle  density  of  spin  s,  n/2  =  N/2V  = 
<<^ol¥t(x)\|rs(x)|Oo>,  while  the  second  term  can  be  expressed  in  terms  of  the  Green  function 
(4)  in  the  form 

Ass’(x-x')  -«I)o|x|/t(x)\|/|'(x')\i/s'(x')Ys(x)l‘I)o>  =(n/2)2  +6ss*  Gs(x‘-x)Gs(x-x').  (6) 

The  "relative"  autocorrelation  function  A(x-x')  describing  the  normalized  pair 
correlation  independent  of  spin  is  obtained  by  dividing  by  n^  and  summing  over  s  and  s' 


A(x-x’)  =  1  -  (1/n2)XGs(x-x')Gs(x'-x) 
s 

=  1  -  (1/n2)X  5:{exP'l(P-P’)(r-r')-(p2-p'2){t-t’)/2m]/K}np,snp',s 

s  pp' 

x{p(r-r')/li-(m2c2+p2)i/2(t.|')(c/h)}a/7t 

x{p'(r-r’)/R-(m2c2+p'2)l/2(t.t’)(c/K)}“^^.  (7) 

Here  we  have  used  Eq.  (4).  We  now  consider  a  beam  of  charged  fermions,  e.g.,  electrons, 
represented  in  momentum  space  by  a  sphere  of  radius  Pf,  centered  on  the  momentum  Po 
which  is  the  average  momentum  of  the  fermions.  The  energy  and  momentum  differences 
between  terms  of  different  p  are  large,  leading  to  rapid  oscillations  in  space  and  time  which 
contain  only  high-frequency  quantum  fluctuations.  The  low-frequency  and  low-wavenumber 
part  A|  of  this  relative  density  autocorrelation  function  is  given  by  the  terms  with  p=p' 

A|(x-x’)  =  1  -(1/N2)YZnp,s 
s  p 

x{p(r-r')/K-(m2c2+p2)  1 


(8) 
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=  1  -  (1/N}|po(r-r’)/li-mc2T/li|2a^^  for  PF«|Po3-mc2T/z|.  (9) 

Here  we  have  used  the  mean  value  theorem,  considering  the  2a/7i  power  as  a  slowly  varying 
function  of  p  and  neglecting  po  in  the  coefficient  of  t  =t-t’,  with  z=|r-r'|.  Using  the  identity^, 
with  arbitrarily  small  cutoff  coq,  we  obtain  from  Eq.  (9)  with  0  -  |Po(r-r')/li-mc2i:/H|  the  exact  form 


A|(x-x')  =  1  +  [(2a/7i:N)  J(mc2/hO))2a^7iQQ5(0(j3j^^/^j 
®0 


x{cosa  +  (2a/ji)  X(6®o)^^‘^^^[(2n)!(2n-2a/Tc)]'‘')'h  (10) 

n=0 

This  indicates  a  co'^'^a/ir  spectrum  and  a  1/N  dependence  of  the  spectrum  of  fractional 
fluctuations  in  density  n  and  current  j,  if  we  neglect  the  curly  bracket  in  the  denominator  which 
is  very  close  to  unity  for  very  small  coq-  The  fractional  autocorrelation  of  current  fluctuations  5] 
is  obtained  by  multiplying  Eq.  (6)  on  both  sides  with  epo/m,  and  dividing  by  (enpo/m)2  which  is 
the  square  of  the  average  current  density  j,  instead  of  just  dividing  by  n^.  it  is  the  same  as  the 
fractional  autocorrelation  for  quantum  density  fluctuations.  Then  Eq.  (10)  for  the  coherent 
Quantum  Electrodynamical  chaos  process  in  electric  currents  can  be  written  also  in  the  form 

S6]/j(k)  -  [2a/7i:coN][mc2/Kco]2a^^  -  2a/7i:coN  =  0.00465/coN.  (11) 

Being  observed  in  the  presence  of  a  constant  applied  field,  these  fundamental 
quantum  current  fluctuations  are  usually  interpreted  as  mobility  fluctuations.  Most  of  the 
conventional  quantum  1/f  fluctuations  in  physical  cross  sections  and  process  rates  are  also 
mobility  fluctuations,  but  some  are  also  in  the  recombination  speed  or  tunneling  rate. 

III.  PROPAGATOR  FOR  SMALL  SAMPLES  OR  DEVICES 

For  a  finite  sample  or  device  Eq.  (4)  should  be  replaced  by  a  propagator  which 
approaches  the  classical  free  particle  propagator  of  the  Schrbdinger  equation  when  the 
transversal  sample  size,  or  the  number  of  particles  per  unit  length  of  the  sample,  approach 
zero.  This  would  cause  the  coherent  quantum  1/f  effect  to  become  very  small  compared  with 
the  conventional  quantum  1/f  noise  present  in  the  beam  due  to  the  particular  way  in  which  the 
beam  was  generated.  A  formula  like  Eq.  (3)  would  then  express  the  fact  that  conventional 
quantum  1/f  is  always  presen,  but  is  masked  in  larger  samples  by  the  coherent  quantum  1/f 
effect.  However,  a  formula  with  a  size-dependent  infrared  exponent  intermediary  between 
the  coherent  and  conventional  limits  of  oJk  and  aA,  present  both  in  the  coefficient  and  the 
would  express  the  same  transition  in  a  slightly  different,  physically  more  meaningful  form; 

r^Sj(f)  =  |j.'23^(f)  =  2)3/f‘''PN,  with  p  =  aA/(s+1)  +  as/7r(s-i-1).  (12) 

So  far  we  have  not  derived  an  expression  equivalent  to  Eq.  (12)  in  any  way.  However, 
the  physical  unity  of  coherent  and  conventional  quantum  1/f  effects  speaks  in  favor  of  a  more ' 
sophisticated  relation  than  (3).  This  same  physical  content  can  be  expressed  in  a  slightly 
different  way  by  noting  that  Eq.  (4)  is  equivalent  to  a  energy  momentum  relation  which  is  not 
sharp,  allowing  for  quantum  fluctuations  of  the  rest  mass  of  the  charged  particle,  or  of  any 
other  particle  with  infrared  divergent  coupling  to  a  group  of  massless  infraquanta.  Describing 
these  quantum  fluctuations  of  the  rest  mass  p  with  the  help  of  a  distribution  function  p(p) 
peaked  at  the  measured  rest  mass  m,  we  could  attempt  to  write  Eq.  (4)  in  the  form 
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-i<<E)o|TVs*(x’)\|/|(x)IOo>  =  Sss'  Gs{x'-x) 

=  (W)X{expi[p(r-r')-p2(t-t')/2m]/K)np,sX{-ip(r-r')/fi+i(m2c2+p2)i/2(t.f)(c/K)}a/n 

P 

=  (i/V)  idpp(M.)I{expi[p(r-r’)-p2(t-f)/2m)/K}np,s.  (13) 

P 

The  distribution  function  p(g)  could  be  used  to  transform  various  classical  results  calculated 
simply  with  the  Schrddinger  propagator  into  the  corresponding  quantum  1/f  results. 

At  the  present  time  both  lines  of  attack  of  this  problem,  the  one  based  on  Eq.  (12) 
and  the  one  presented  In  Eq.  (13)  are  actively  pursued  In  our  Investigations.  We  hope  this 
discussion  will  stimulate  quantum  1/f  thought  everywhere. 
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GRAPHICAL  REPRESENTATION  OF  QUANTUM  1/f 
MOBILITY  FLUCTUATION  SPECTRA  IN  SILICON 


P.H.  Handel 

Department  of  Physics,  University  of  Missouri-St.  Louis  MO  63121,  USA 
and  T.H.  Chung 

Department  of  Electrical  Engineering,  Stanford  University,  Stanford,  CA  94305 

We  briefly  present  here  the  mobility  fluctuation  values  of  the  quantum  1/f  alpha 
parameter  for  impurity  scattering  and  for  intervalley  scattering,  calculated  with  the  new  cross¬ 
correlation  formulaL 

The  earlier  graphical  representations^  were  erroneously  drawn  with  the  value  of  the 
degeneration  concentration  N  applicable  always  to  the  temperature  of  300K.  Therefore  the 
data  at  temperatures  different  from  300K  have  to  be  multiplied  by  the  factor  (T/300)3/2  ^^e 

two  graphs^  presented  in  1991.  The  corresponding  results  we  have  at  this  stage  of  the 
numerical  calculation  are  based  on  the  equations  given  earlier^  and  are  graphed  below. 

These  values  replace  the  results  obtained  initially^-^  without  the  cross  correlation 
formula"* .  In  the  first  graph  the  values  of  ajmpurity  ai*©  given  for  three  values  of  the  impurity 
concentration.  Everywhere  na  stand  for  the  new,  o  for  the  old  a  parameter  values^. 

The  second  graph  brings  the  aintervalley  values  for  scattering  along  the  direction  of 
the  electron  energy  minima  with  umkiapp  (g  scattering),  and  for  scattering  along  a  wave  vector 
Ak  not  in  the  direction  of  any  energy  minimum  (f  scattering).  In  both  cases  Ak  links  two 
energy  minima. 
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Alpha  Intervalley 


There  are  three  g-type  alphas  ogt,  cngz  srid  ags  {from  LA,  TA  and  LO  phonons  repectively) 
and  three  f-type  contributions  afi,  a.\2  and  afs  (from  TA,  LA  and  TO  phonons).  Their  values 
are  given  in  the  graph  above  and  are  in  general  a  few  times  larger  than  the  old  values. 

The  various  quantum  1/f  contributions  a\  derived  here  can  be  approximately 
superposed  to  yield  the  resultant  quantum  1/f  coefficient  an  according  to  the  rule  (where  pi 
are  the  partial  mobilities) 

an  =  Ii(M/W)2  aj. 
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VII.  SEMICONDUCTOR  DEVICES 


NOISE  IN  CONFINED  STRUCTURES 
OF  DOPED  SEMICONDUCTORS 

V.Bareikis,  R.Katilius,  A.Matulionis 
Semiconductor  Physics  Institute,  Vilnius  2600,  Lithuania 

ABSTRACT 

Hot  electron  noise  properties  in  bulk  semiconductors  and  semiconductor 
structures  are  reviewed.  Sensitivity  of  microwave  noise  to  doping  is  demonstrated. 
An  emphasis  is  made  on  high  electric  field  region  where  the  effect  of  doping  on 
kinetic  properties  was  earlier  assumed  to  be  weak.  Possibilities  are  stressed  of 
microwave  noise  measurement  technique  as  a  method  of  diagnostics  of  kinetics 
of  nonequilibrium  electrons  and  energy  levels  in  conduction  band,  especially  if 
combined  with  selective  doping,  hydrogenation  and  electron  gas  confinement. 

INTRODUCTION 

Confined  structures  are  among  the  most  modern  objects  of  solid  state 
physics^  Doping  of  semiconductor  structures,  being  inevitable  for  existence  of 
free  electrons,  influences  electron  transport  and  noise  properties  important  for 
high-speed  low-noise  microelectronicsl 

Effect  of  doping  on  electron  transport  has  been  thoroughly  studied  and 
well  understood  at  low  applied  electric  fields.  Less  attention  was  paid  to  high 
fields:  electron  scattering  by  ionized  impurities  was  known  to  become  negligible 
for  high  energy  electrons. 

However,  during  the  last  years,  especially  due  to  nonequilibrium  noise 
spectroscopy  applications^,  it  became  clear  that  role  of  doping  at  highly- 
nonequilibrium  conditions  can  also  be  very  important'’.  Indeed,  due  to  sensitivity 
of  hot-electron  noise  to  details  of  scattering  mechanisms  and  band  structure, 
noise  measurements  at  high  electric  fields  opened  new  possibilities  of  diagnostics 
of  confined  electron  gas^’^ 

The  paper  discusses  recent  results  of  noise  investigation  of  GaAs-based 
structures  at  high  electric  fields,  with  an  emphasize  on  doping  effects.  Such 
effects  as  impurity-resonant-scattering-induced  noise'*’^,  influence  of  impurity  and 
defect  passivation  by  hydrogen^^  noise  in  6-doped  structures’’,  doping-dependent 
intersubband  transfer  noise  in  modulation-doped  heterostructures^’^'’  are  reviewed. 
The  main  results  have  been  deduced  from  noise  measurements  performed  by 
microwave  techniquel 

Understanding  of  these  physical  phenomena  is  important  while  seeking  to 
increase  the  speed  of  operation  and  to  reduce  the  noise  level  in  microwave 
devices  (speed-noise  trade-off  problems). 
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INFLUENCE  OF  RESONANT  IMPURITY  LEVELS 

In  compound  semiconductors,  impurities  form  energy  levels  located  either 
in  the  forbidden  gap  or  above  the  conduction  band  edge  (resonant  levels).  There 
is  no  conventional  experimental  technique  to  investigate  resonant  impurity  levels 
(unless  the  density  of  states  in  the  conduction  band  is  abnormally  low). 
Fortunately,  their  contribution  to  nonequilibrium  noise  in  GaAs  is  reported  to  be 
important^\ 

Fig.l  shows  two  regions  of  electric  field  where  spectral  density  of  current 
fluctuations  depends  on  doping^l  Such  a  dependence  at  low  fields  can  be  inter¬ 
preted  in  terms  of  ionized  impurity  scattering,  which  tends  to  decrease  when 
electron  energy  increases.  As  a  result,  the  dependence  on  doping  disappears  at 
intermediate  fields  (cf.  points  for  the  undoped  and  doped  material  in  Fig.l).  A 
similar  behaviour  has  also  been  obtained  by  Monte  Carlo  simulation  for  a  model 
which  accounts  for  electron  scattering  by  phonons  and  ionized  impurities  (Fig.l, 
cuiwes  1  and  2)^1 


Fig.l.  A  comparison  of  experimental 
results  (points)  on  spectral  density  of 
current  fluctuations  (normalized  to 
the  diffusion  coefficient  value  at  zero 
field)  and  diffusion  coefficient  calcu¬ 
lated  by  Monte  Carlo  technique 
(cuiwes)  at  80  K}~.  Electron  density: 
*  -  9*10^“’  cm'^,  *  -  3T0^Ym-'';  ion 
density:  1-  cm'"',  2  -  5*10^'’  cm“', 

3  -  5-10^^  cm'"  plus  resonant  impurity 
scattering. 


In  contrast  to  this  model,  experimental  results  of  Fig.l  demonstrate  a 
strong  dependence  on  doping  at  high  electric  fields.  This  behavior  cannot  be 
accounted  for  by  ionized  impurity  scattering,  and  the  frequency  used  excludes 
generation-recombination  noise.  The  observed  data  can  be  interpreted  as  arising 
from  resonance  impurity  scattering.  This  can  be  seen  from  a  satisfactory  fit  of  the 
the  experimental  results  for  the  doped  sample  at  high  fields  and  Monte  Carlo  cal¬ 
culations  performed  for  a  model  which  accounts  for  resonance  impurity  scattering 
of  electrons  in  addition  to  scattering  by  phonons  and  ionized  impurities 

(Fig.l)E 

Recent  obseiwation  of  resonant  impurity  levels  in  GaAs  by  optoelectronic 
modulation  spectroscopy^^  confirms  existence  of  the  levels  with  the  resonance 
energy  close  enough  to  that  obtained  by  the  noise  spectroscopy'll 
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IMPROVEMENT  OF  RESOLUTION  BY  HYDROGENATION 

The  effect  of  doping  at  high  electric  fields  can  be  partially  masked  by 
intervalley  noise.  To  suppress  the  intervalley  noise  and  reveal  more  details 
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O  0.2  0-4  0.6 


Fig.2.  Dependence  of  noise  temperature  (a)  and  spectral  density  of  current 
fluctuations  (b)  on  voltage  (lower  scale)  and  top  electron  energy  (upper  scale): 
1  -  before  and  2  -  after  hydrogenation  (lO^Ym'^  dose)^ 

induced  by  doping,  short  enough  samples  (L  <  0.5  /im)  were  used^\ 

The  main  advantage  of  short  samples  is  a  possibility  to  resolve  noise 
sources  which  need  different  time  and  space  to  manifest  themselves  (L-E 


Lattice  temperature,  K 

Fig.3.  Temperature  dependence  of  F 
and  R  level  position:  T\ 


spectroscopy^).  As  a  result  of  shorten¬ 
ing,  a  wider  range  of  electric  fields  is 
opened  for  manifestation  of  the  noise 
features  caused  by  resonant  impurity 
scattering.  Moreover,  top  energy  elec¬ 
trons  (which  succeed  to  suffer  no 
energy  loss  before  reaching  certain 
threshold  energy)  become  important 
in  short  samples^  This  has  enabled 
determination  of  resonant  level  posi¬ 
tion  in  the  conduction  band  at  room 
temperature  from  noise  spectra^-l 

The  spectral  resolution  at  low 
temperatures  has  been  improved  by 
sample  treatment  with  low  energy 
protons  (hydrogenation)^  The  effect 
of  hydrogenation  on  hot  electron 
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noise  temperature  and  spectral  density  of  current  fluctuations  is  illustrated  by 
Fig. 2.  After  hydrogenation  a  reasonably  good  resolution  was  obtained.  Shoulders 
and  maxima  in  Fig.2  were  ascribed  to  interaction  of  top  electrons  with  intrinsic 
(L,  X)  and  resonant  impurity  (R)  levels.  The  noise  L-E  spectroscopy  data  on 
hydrogenated  GaAs  are  sufficient  to  determine  energy  position  of  the  levels  in 
the  conduction  band. 

Fig.3  compares  data  on  the  resonant  impurity  level  position  obtained  from 
the  noise  measurements  at  different  lattice  temperatures^-^  with  that  extrapolated 
from  data  on  highly  compressed  GaAs^^  and  optoelectronic  modulation  spectra^^ 
A  weak  dependence  on  the  lattice  temperature  of  the  R  level  position  suggests 
these  levels  to  originate  from  an  isovalent  impurity  (e.g.  nitrogen). 

NOISE  IN  6-DOPED  STRUCTURES 

New  features  of  microwave  noise  spectrum  have  been  obseiwed  when 
impurities  were  concentrated  in  a  restricted  region  of  the  sample^-’!  GaAs 
structures  under  investigation  contained  two  heavily-doped  planes  separated  by 
a  thin  layer  of  undoped  GaAs.  Though  the  planar  transport  was  characterized  by 
a  low  mobility  at  low  fields,  a  rather  high  drift  velocity  was  obtained  at  high  elec¬ 
tric  fields^^ 

Data  on  noise  temperature  and  spectral  density  of  current  fluctuations  for 
undoped,  uniformly  doped  and  6-doped  GaAs  are  compared  in  Fig.4^\  Low  noise 
for  the  6-doped  GaAs  at  low  fields  is  in  consistence  with  the  low  value  of 
electron  mobility  in  the  6-doped  planes.  The  cuiwes  for  doped  and  6~doped  - 
samples  cross  at  intermediate  fields,  and  a  powerful  noise  source  with  the 


Fig.4.  Dependence  of  (a)  noise  temperature  and  (b)  spectral  density  of  current 
fluctuations  (normalized  to  the  value  of  diffusion  coefficient  at  zero  field)  for 
undoped,  doped  and  6-doped  GaAs. 
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maximum  spectral  density  at  4  kV/cm  appears  in  the  6-doped  materiaf’^^ 

This  excess  noise  was  interpreted  as  arising  from  real  space  transfer: 
heating  of  electrons  induces  their  transfer  into  the  undoped  material,  and  random 
back  and  forth  transitions  of  the  electrons  give  rise  to  the  excess  longitudinal 
current  fluctuations  due  to  difference  of  electron  drift  velocities  in  doped  and 
undoped  material. 

NOISE  IN  MODULATION-DOPED  HETEROSTRUCTURES 

Another  type  of  structures  with  interesting  noise  characteristics  is  a  modu¬ 
lation-doped  heterostructure^’^^'^’^^'^*’.  The  main  advantage  of  such  structures  is 
spatial  separation  of  electrons  from  their  native  donors.  When  an  undoped  spacer 
is  grown  between  the  doped  layer  and  the  quantum  well,  a  direct  influence  of 

impurity  scattering  on  noise  is  weak. 
But  the  doping  changes  the  shape  of 
the  quantum  well,  and,  for  sufficient 
doping,  the  intersubband  separation 
energy  can  exceed  the  mean  thermal 
energy.  Electron  heating  can  transfer 
electrons  into  the  nearest  empty  sub¬ 
band  resulting  a  maximum  on  noise  vs 
field  dependence. 

The  maximum,  presumably  of 
this  origin,  has  been  observed  at 
50  V/cm  for  the  more  heavily  doped 
heterostructure  (Cun^e  1,  Fig.5)'^’^^ 
Extra  correlation  due  to  electron-elec¬ 
tron  collisions^  can  also  be  partially 
responsible  for  the  maximum.  No 
effect  of  mole  composition  is  expected 
for  low  and  intermediate  fields,  where 
the  electron  heating  is  moderate. 

Position  and  magnitude  of  the 
maximum  at  high  fields  depend  on  Al 
mole  ratio  in  AlGaAs^^  It  has  been 
ascribed^^’^’  to  2D-3D  real  space  transfer^®  over/through  the  heterobarrier  shaped 
by  the  conduction  band  offset,  the  density  of  two-dimensional  electrons,  and  the 
selective  as  well  as  the  background  doping. 

CONCLUSIONS 

The  results  presented  demonstrate  an  expansion  of  noise  spectroscopy  into 
a  new  region:  physics  of  confined  doped  semiconductor  structures.  The  microwave 
noise  technique  proves  to  be  a  powerful  method  of  diagnostics  of  hot  electron 
kinetics  and  energy  levels  in  conduction  band. 


Fig. 5.  Hot  electron  diffusion  in 
Al^.Gai.^s/GaAs  samples’®:  l-x=0.25, 
6-10”cm-";  2-x=0.33,  2*10”  cm*'. 


186  Noise  in  Confined  Structures 


REFERENCES 

1.  TAndo,  A.Fowler,  F.Stern,  Rev.Mod.Phys.  M,  7  (1982). 

2.  High-Speed  Semiconductor  Devices,  ed.  S.M.Sze  (Wiley,  N.Y.  1990)  p.621. 

3.  V.Bareikis,  R.Katilius,  J.Pozhela,  S.Gantsevich,  V.Gurevich,  in  Spectroscopy 
of  Nonequilibrium  Electrons  and  Phonons  (Elsevier,  Amsterdam  1992)  p.237. 

4.  V.Bareikis,  J.Liberis,  A.Matulionis,  R.Miliusyte,  J.Pozela,  P.Sakalas,  Solid- 
State  Electr.  32,  1647  (1989). 

5.  V.Aninkeviaus,  V.Bareikis,  J.Liberis,  A.Matulionis,  P.Sakalas,  Solid-State 
Electronics  (in  press) 

6.  V.Bareikis,  J.Liberis,  A.Matulionis,  P.Sakalas,  M.Capizzi,  submitted  to 
Semicond.  Sci.  &  Technology. 

7.  V.Bareikis,  J.Liberis,  A.Matulionis,  R.Miliusyte,  J.Pozela,  P.Sakalas,  in  Proc. 
20th  hit.  Conf.  Phys.  Semicond.  (World  Scientific,  Singapore  1990)  p.2479. 

8.  P.Sakalas,  V.Bareikis,  J.Liberis,  A.Matulionis,  in  Proc.  6th  Sci.  Conf. 
Fliictiiation  Phenomena  in  Phys.  Systems  (University  Press,  Vilnius  1991) 
p.30. 

9.  V.Bareikis,  V.Aninkevicius,  J.Liberis,  T.Lideikis,  A.Matulionis,  P.Sakalas, 
G.Treideris,  R.Katilius,  in  P‘oc.Int.  Semicond.  Device.  Res.  Symp.  (University 
of  Virginia,  Charlottesville  1991)  p.469. 

10.  V.Aninkeviaus,  V.Bareikis,  J.Liberis,  A.Matulionis,  M.R.Leys,  P.S.Kop'ev,in 
Proc.  8th  Vilnius  Symp.  Ultrafast  Phenomena  in  Semiconductors  (in  press). 

11.  V.Bareikis,  R.Katilius,  in  Proc.  lOth  hit.  Conf  Noise  in  Phys.  Systems 
(Academiai  Kiado,  Budapest  1990)  p.l89 

12.  AMatulionis,  P.Sakalas,  T.Smertina,  V.Aninkevicius,  J.Liberis,  V.Bareikis,  in 
Ann.  Repts  Semiconductor  Physics  hist.,  (Vilnius  1993)  p.39. 

13.  M.Di  Marco,  G.Swanson,  J.Electrochem.Soc.  139,  262  (1992);  G.Swanson, 
Private  communication. 

14.  D.J.Wolford,  in  Proc.  18th  hit.  Conf.  Phys.  Semicond.  (World  Scientific, 
Singapore  1987)  p.lll5. 

15.  J.Liberis,  V.Aninkevicius,  V.Bareikis,  T.Lideikis,  A.Matulionis,  G.Treideris, 
in  Proc.  6th  Sci.  Conf  Fluctuation  Phenomena  in  Phys.  Systems  (University 
Press,  Vilnius  1991)  p.35. 

16.  V.Balynas,  AKrotkus,  T.Lideikis,  A.Stanionis,  S.Treideris,  Electronics  Lett. 
27,  2  (1991). 

17.  V.Aninkevicius,  V.Bareikis,  J.Liberis,  A.Matulionis,  P.S.Kop'ev,  in  E/'oc.77r/z 
hit.  Conf.  Noise  in  Phys.  Systems  (Ohmsha,  Tokyo  1991)  p.l83. 

18.  J.Gest,  H.Fawaz,  H.Kabbaj,  J.Zimmermann,  ibid.,  p.291. 

19.  C.F. Whiteside,  G.Bosman,  H.Morko?,  IEEE  Trans.  ED-34.  2530  (1987). 

20.  AD.  Van  Rheenen,  G.Bosman,  H.Morkog,  in  Proc.  9th  hit.  Conf.  Noise  in 
Phys.  Systems  (World  Scientific,  Singapore,  1987)  p.l50. 


ON  THE  ANALYSIS  OF  LOW-FREQUENCY  NOISE  IN  BIPOLAR  TRANSISTORS 


Theo  Kleinpenning 

Eindhoven  University  of  Technology,  Dept.  EE,  P.O.  Box  513, 
Eindhoven,  The  Netherlands 

ABSTRACT 

Until  recently,  the  1/f  noise  sources  in  bipolar  transistors 
were  generally  accepted  as  being  located  between  emitter  and  collec¬ 
tor  and  between  emitter  and  base.  However,  in  modern  (sub)micrometer 
transistors  the  influence  of  the  internal  base  and  emitter  series 
resistances  on  both  the  I-V  characteristics  and  the  l.f.  noise  at 
higher  currents  becomes  important.  In  this  paper  expressions  are 
presented  for  the  l.f.  noise  in  transistors  where  the  influence  of 
the  internal  parasitic  series  resistances  has  been  taken  into  account. 
These  expressions  are  compared  with  the  common  expressions  in  the 
literature.  How  to  locate  the  l.f.  noise  sources  is  demonstrated  by 
analyzing  the  new  expressions  both  at  low  and  high  currents  and  at 
different  values  of  the  external  resistances. 

INTRODUCTION 

Up  to  the  present  a  number  of  papers  has  been  published  on  low- 
frequency  (l.f.)  noise,  especially  1/f  noise,  in  bipolar  transistors. 

A  review  of  the  literature  over  the  period  1985-1989  has  been  given 
at  the  10th  ICNF^.  The  l.f.  noise  sources  were  generally  accepted  as 
being  located  between  emitter  and  collector  and  between  emitter  and 
base.  These  sources  are  represented  by  two  noise  current  generators: 
between  emitter  and  base,  and  between  emitter  and  collector^ 

Both  generators  have  1/f  noise  and  shot  noise.  Recent  developments  in 
transistor  technology  have  led  to  a  significant  lateral  downscaling 
of  bipolar  devices.  In  such  down-scaled  transistors,  deviations  from 
the  expected  current  dependence  of  the  1/f  noise  and  white  noise  in 
both  the  emitter  current  and  the  base  current  are  observed. 
Kleinpenning^  suggested  that  these  deviations  may  be  ascribed  to  fluc¬ 
tuations  in  the  parasitic  internal  series  resistances.  These  resis¬ 
tances  can  produce  1/f  noise,  Nyquist  noise,  generation-recombination 
noise,  and,  possibly,  random  telegraph  signal  (RTS)  noise. 

The  purpose  of  this  paper  is  to  present  new  formulas  for  the  l.f. 
noise  in  bipolar  transistors,  taking  into  account  the  contributions 
from  the  series  resistances.  The  presented  formulas  will  be  compared 
with  the  common  formulas  in  the  literature.  In  addition,  how  to  locate 
the  l.f.  noise  sources  in  transistors  will  be  shown  by  analyzing  the 
formulas  both  at  high  and  low  currents  and  at  different  values  of  the 
external  resistances. 


LOW-FREQUENCY  NOISE  SOURCES 

Bipolar  transistor  noise  is  usually  measured  with  the  transistor 
in  a  circuit  as  shown  in  Fig.  1.  The  internal  series  resistances  are 
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given  by  r^,  and  respectively.  Three  external  wire-wound  or 

metal  film  resistors  Rg,  and  R^  can  be  inserted.  Such  resistors 

have  only  4kTR-noise.  Here  we  consider  a  pnp  transistor  with  the 
emitter-base  forward-biased  and  the  base-collector  reverse-biased.  In 
the  circuit  of  Fig,  1  we  have  the  following  l.f.  noise  sources 


Sib  =  ^Ib  ’ 

Sv  =  4kTr  + 

"rx  X  X 


=  2ql^  + 
with  X  = 

with  X  = 


b,  e,  c 
B,E,C 


(1) 


The  spectral  current  noise  density  in  the  base  and  collector  currents 
at  constant  voltage  drop  across  the  emitter-base  junction,  and  Sj^, 

is  the  sum  of  shot  noise  and  1/f  noise.  The  internal  series  resis¬ 
tances  have  Nyquist  noise  and  resistance  noise  S  (1/f,  g-r  and/or 

1/f  1/f  ^ 

RTS  noise).  Expressions  for  Sj  and  S-r  can  be  found  in  Refs.  1,  4 

■^b  -*-0 


Fig.  1.  (a)  General  circuit  for  l.f.  noise  measurements. 

(b)  Equivalent  circuit,  including  noise  sources: 

=  St  ,  and  S„,  S ,  ,  S^.  are  related  to  Sy 
Z  ■‘"C  j  4  J  r^^ 

and  5.  Usually  one  observes  Ig  and  I^. 

GENERAL  FORMULAS 


Si  = 


For  the  fluctuations  in  the  emitter,  base,  and  collector  currents 
we  have 


AI, 


AI„  =  AI,  +  AV  /r 
B  b  eb  TT 


AI„  =  AI  +  g  AV  , 
C  c  ^mc  eb 


(2) 

(3) 

(4) 
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Here  g  =  dl^/dV  ,  is  the  collector  transconductance,  r  =  dV  , /dl„ 
®mc  C  eb  eo  d 

the  input  resistance,  AI^  and  AI^  the  spontaneous  fluctuations  in  the 

base  and  collector  currents  at  constant  with  the  voltage 

drop  across  the  emitter-base  junction,  excluding  the  voltage  drops 
across  the  series  resistances  r^  and  r^.  The  fluctuations  in  are 

given  by 

with  AV^,  the  fluctuations  in  due  to  the  Nyquist  noise  in  Rg,  r^. 


R  ,  and  r  .  Hence  we  have 

£1  6 


V  -  4kT(Rghrg+Rg+r^) 
eb 


In  Eq.  (4)  we  have  assumed  to  be  independent  of  so  the  Early 

effect  has  been  neglected. 

Combining  Eqs.  (2-5),  the  fluctuations  in  the  currents  1^, 

and  can  be  expressed  in  terms  of  the  spontaneous  noise  sources 

AI, ,  AI  ,  Ar,  ,  Ar  ,  and  AV  ,  .  We  then  obtain 
b  c  b  e  eb 


AIb.Z=  [V3(r^+RE)]AV[VRE]AI,-[lBAVW"'^b^ 

with  S  =  g  r  is  the  current-amplification  factor  and 
^mc  IT 

Z  =  R„  +  r,  +  r  +  (3+l)(E„+r  )  (10) 

B  b  TT  he 


For  the  fluctuations  in  the  voltage  across  R^,  R^,  and  Rg  we  have 

Here  AV?,  AV!!.  and  AV^  are  the  Nyquist  fluctuations  in  the  external 
EC  B 

resistors  R„,  R^,  and  R  ,  respectively.  Using  Eqs.  (6-11)  and 

EC  B 

going  over  to  the  spectra,  we  then  have 


Svx  -  AkTRx  +  R^S^I^  + 


with  X  =  E,  B,  and  C,  respectively.  The  last  term  in  Eq.  (12)  results 
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from  the  correlation  between  the  term  AV?J  and  the  term  in  the 

X  eb 

relations  for  AI^,  which  gives  rise  to 


.„N  =  0,  =  -AkTR„,  ,  M  =  -AkTR  (13) 


-B’ 


The  minus  signs  stem  from  the  fact  that  positive  Nyquist  voltage  fluc¬ 
tuations  in  Rg  and  R^  lead  to  negative  fluctuations  in  AV^b-  Taking 

the  spontaneous  noise  sources,  AI,  ,AI  ,Ar^,Ar  ,  and  AV^.  ,  to  be  un- 

b  c  b  e  eb 

correlated,  we  obtain 

(Z/Rg)2svg  =  [r^-B(rb+R3)]^Sib+[Vrb+RB]^Si_^+(3+l)%^  + 

+  4kT[(3+l)^(Rg+Rg)  -  2(g+l)Z  +  Z^/Rg]  (14) 

(Z/R^)^Svp  =  3^VB+RB+rg+RE]^Sib+[r^+rb+RB+r^+Rg]^Si^  + 

+  +  4kT[3^(Rg+Rj,)+Z^/Rp]  (15) 

(Z/Rb)^^  =  [r^i-g(r^+RB)]2sib+[r^+RB,]^Si^+Sv^  + 

+  4kT[RB+Rj,-2Z+Z^/R  ]  (16) 


=  ^B^rb  IgSre  ''‘^^(rb+r^) 


By  considering  Eqs.  (7-10)  and  (14-17)  the  importance  of  the  internal 
series  resistances  can  be  seen.  The  influence  of  these  resistances  is 
twofold.  They  can  produce  l.f.  noise  and,  by  means  of  feedback,  they 
can  influence  the  magnitude  of  the  noise  originating  from  the  sources 
Sig  and  Si^. 

By  short-circuiting  the  emitter,  the  collector,  and  the  base  to 
ground  (R^  =  R^  =  Rg  =  0)  and  with  the  help  of  Eqs.  (7-10),  we  can 

calculate  the  spectral  current  noise  densities  of  I„,  and  I„,  res- 

E  C  B 

pectively.  We  then  find 

Z^SiB  =  +  Sy^  (20) 


with 
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^21) 

Note  that  for  r^=r^=0  we  obtain  Sj^  =  Sj^+Sj^,  Sj^=S];^  and  S];g=Sx^. 

It  should  be  noted  that  the  cross-correlation  spectral  densities  of 

the  currents  I„  and  I„  can  easily  be  obtained  from  Eqs.  (7-10). 

B  U  t 

COMPARISON  WITH  LITERATURE 


The  most  recent  expressions  for  the  current  noise  spectral  den¬ 
sities  are  given  by  Van  der  Ziel  et  al.^.  They  did  not  take  into 
account  noise  contributions  from  the  series  resistances  (Sy^  =  0). 

They  considered  the  base  and  collector  current  noise  for  both  r  =0 

and  r  >>  r,  ,  r  /(S+l),  with  the  condition  r  >>  r,  .  For  these 
e  b  TT  TT  b 

situations  Eqs.  (19-20)  lead  to  the  same  equations  as  found  by  Van 

der  Ziel  et  al. .  Here  we  have  to  remark  that  Van  der  Ziel  et  al.  took 

into  account  a  current  noise  between  base  and  collector.  However,  in 

practical  cases  the  base-collector  junction  is  reverse-biased, so  that 

the  base-collector  current  is  slight  and  its  noise  can  be  neglected. 

With  respect  to  voltage  noise  spectral  densities  Sy^,  Sy^,  and 

Sy^,  in  the  literature  only  expressions  can  be  found  where  Srb=Sre=0 

and  r  =0.  These  expressions  can  be  derived  from  Eqs.  (14-16)  making 
e 

the  appropriate  approximations.  In  the  common- emitter  configuration 
one  mostly  measures  the  voltage  noise  Sy^.  With  Sj-^=Sj-^=0  and  r^+Rg=0, 

Eq.  (15)  leads  to  the  well-known  relation^ 

2 


Svc/Rc  =  Si, 


4kT 


In  the  common-collector  configuration  Sy^  is  mostly  measured.  With 

R„  »  R„+r,  +r  ,  r  =0  and  S^-  =  S^,  =  0  we  obtain  the  well-known 

E  B  b  IT  e  ^e  ^b 

relation^*  ^ 


1^  _  ^ 

[3+1  3+1 


CM 

i - 

^r  +r, +rJ 
“Tr  b  B 

Sib 

3+1  J 

Si^+4kT(r^+Rg)  (23) 


USUAL  MEASURING  METHODS 

With  the  help  of  the  new  expressions  presented  here,  one  can 
determine  the  l.f.  noise  sources  in  transistors,  as  well  as  the  mag¬ 
nitude  of  the  series  resistances  r^  and  r^.  Some  examples  can  be  found 

in  the  literature,  e.g.  see  Refs.  (1,2, 4, 6, 7, 8, 9).  Here  we  shall  pre¬ 
sent  some  measuring  methods  based  on  Eqs.  (14-16). 
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Common- CO Hector  configuration  (R^  =  0) 


For  R„  >>>  r,  +  r  +  (p+l)(R_,+r  )  we  have  Z  and  thus 

D  D  TT  he  ”  D 

Svg/Rg  =  +  Si^  +  4kT/Rj,  (2‘ 

For  the  same  value  of  R„  and  with  R„  =  0  we  obtain 

D  h 

^Vb  = 

For  ((3+l)R  >>  R  +r, +r  +(^+l)r  and  R  =  0  we  have  Z  'v  (|3-I-1)R  and 

jCjijDtt  eJo  h 

thus 


r  -pr, 

TT  b 

2 

r  +r, 

TT  b 

P+i  j 

Sib  + 

L  P+1  J 

Si  +  Sy 
-^c  ''r 


At  low  currents,  where  r^  >>  Pr^  and  where  Sy^  can  be  neglected, 

Eqs.  (25,26)  reduce  to 

SVb  =  Svg  =  g^eCSlb+Sl,]  (27) 

with  =  (g+l)/r^. 

By  measuring  the  1/f  noise  in  Sy^  versus  Ig  under  the  conditions 

of  Eq.  (26),  and  for  the  situation  that  Sj^  1^,  Sj^  1^,  and 

I„,  we  have  the  results  as  sketched  in  Fig.  2.  The  noise 
BCE 

in  the  base  current  can  be  eliminated  completely  in  the  case  where 
^b  ~  ”  kT/qIg.  Here  we  can  have  the  opportunity  to  determine  the 


y  / 

y  / 

i  \\ 

.  /  / 

!\  \  \ 
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Fig.  2.  Syg'^^  versus  Ig  according  Fig.  3.  Syg^^^^  versus  Ig  according 


to  Eq.  (26);  Z  y  (p+l)R. 


to  Eq.  (26);  Z  y  (P+DRt 


and  R^  = 

D 


and  R  = 
B 


0. 


0. 
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value  of  r,  .  If  St  is  dominant,  then  we  find  a  minimum  at  r,  “  r  = 

b  -'-C  b  TT 

kT/ql^.  At  higher  currents  it  is  possible  to  find  a  strong  increase 
in  the  noise  due  to  fluctuations  in  r^  and  r^.  By  measuring  the  white 
noise  in  versus  then  at  low  currents  we  have  2(kT)^/qIg, 

at  intermediate  currents  Sy^  =  4kT(r^+rj^),  and  at  high  currents 
Syg  =  [r^/(3+l)]^2qIg.  From  these  results  we  can  determine  ^rid 

r^  (see  Fig.  3).  According  to  Eq.  (25)  the  1/f  noise  in  Sy^  versus 
is  as  sketched  in  Fig.  4.  If  the  noise  in  dominates,  we  find  a 


minimum  at  r  =  r  /p  =  kT/qI„.  In  this  case  r  can  be  determined, 
e  TT  C  e 


Common-emitter  configuration  (R^  =  0) 


For  R„  >>>  r,  +  r  +  (6+l)r  ,  thus  Z  R„,  we  obtain 
B  b  TT  e  B 

Sy  /R^  =  +  Sj-  +  4kT/R|,  (28) 


Here  Sy^  is  equal  to  Eq.  (25).  Measuring  of  Sy^  and  Sy^  gives  the  same 
information  as  measuring  Sy^  and  Sy^  according  to  Eqs.  (24)  and  (25). 
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ABSTRACT 

We  have  characterized  discrete  conductance  switching  noise  in  Resonant 
Tunneling  Diodes  (RTDs)  fabricated  on  GaAs/Alo.4Gao.6As  material  system.  Temper¬ 
ature  dependence  of  the  high  and  low  resistive  states  time  constants  indicated  that  the 
noise  arises  from  thermal  activation  of  electrons  to  localized  states  in  the  energy  barrier. 
Both  time  constants  are  found  to  decrease  with  increasing  negative  bias  at  the  emitter 
indicating  that  the  noise  is  caused  by  hopping  conduction  of  electrons  from  the  energy 
barrier.  The  magnitude  of  the  discrete  conductance  fluctuation  is  studied  in  detail.  A 
model  has  been  postulated  in  which  the  capture  of  an  electron  by  a  trap  in  the  en¬ 
ergy  barrier  causes  fluctuations  in  the  transmission  coefficient  of  the  electron  due  to 
the  modulation  of  the  local  barrier  potential.  The  computed  step  height  based  on  the 
proposed  model  is  compared  to  the  experimental  results.  Excellent  agreement  between 
theory  and  experiment  is  observed. 

INTRODUCTION 

Much  interest  has  arisen  over  the  physics  and  applications  of  resonant  tun¬ 
neling  diode  (RTD)  in  recent  years.  This  is  due  to  the  potential  of  the  device  in  low- 
power,  high-speed  applications.  The  device  demonstrates  promising  results  in  microwave 
oscillation,  detection  and  mixing  up  to  THz  range  [1,  2].  In  addition,  RTDs  are  found 
to  have  significant  potential  in  digital  applications.  It  is  also  shown  that  a  low-power, 
high-speed  switching  device  [3]  can  be  realized  by  a  circuit  involving  an  RTD  structure 
and  a  heterojuction  bipolar  transistor.  Low  frequency  excess  noise  has  significant  effects 
on  the  operation  and  reliability  of  the  device.  The  up-conversion  of  the  low  frequency 
noise  affects  the  performance  of  the  device  as  microwave  oscillator  and  mixer  [4].  Also, 
excess  current  in  the  valleys  of  I-V  curves  is  attributed  in  part  to  trap-assisted  tunneling 
process. 

In  this  paper,  we  investigate  the  origin  and  the  physical  processes  underlying 
low  frequency  noise  in  RTDs.  Previous  studies  which  relied  exclusively  on  spectral 
measurements  failed  to  fully  characterize  the  noise  mechanism  [5]-[8].  We  report  on 
time-domain  measurements  to  monitor  the  activities  of  individual  traps.  From  the 
charaeteristics  of  the  Random  Telegraph  Noise  (RTN)  we  deduced  the  trapping  kinetics 
and  the  underlying  mechanism  for  the  low  frequency  noise. 
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EXPERIMENT  AND  RESULTS 


The  RTDs  we  studied  were  MBE  grown  at  Lincoln  Laboratory.  The  struc¬ 
ture  of  the  devices  and  the  experimental  techniques  are  reported  in  recently  published 
papers  [8,  9].  Measurements  of  the  voltage  fluctuations  in  the  time-domain  were  per¬ 
formed  over  a  temperature  range  between  20  -  70  K,  and  the  data  acquisition  time 
ranging  from  80  ms  to  400  s  [9].  While  RTN  were  observed  in  most  devices,  the  switch¬ 
ing  patterns  measured  on  different  samples  under  similar  experimental  conditions  show 
large  disparity  in  the  time  scales  of  transitions.  Furthurmore,  switching  times  differing 
by  two  orders  of  magnitdes  were  observed  on  the  same  device  at  the  same  tempera¬ 
ture  at  two  different  biases.  Figure  1  shows  a  complete  time-capture  frame  of  RTN 
measured  at  60  K  under  a  bias  voltage  of  -0.4  V.  Step  sizes  ranging  from  about  5  to 
20  fiW  were  observed  from  the  plot.  The  5-/iV  switching  events  are  caused  by  the  cap¬ 
ture  and  emission  of  carriers  by  multiple  traps,  as  is  demonstrated  by  the  consecutive 
5-/iV  decrements  in  the  data.  In  contrast,  the  20-//V  switching  events,  which  are  being 
enumerated,  alternate  between  decrements  and  increments,  consistent  with  a  two-state 
process  involving  a  single  trap.  This  phenomenon  was  observed  in  several  other  devices 
fabricated  from  the  same  MBE  wafer.  In  view  of  the  uncertainty  in  the  number  of  traps 
involved  in  the  RTN  with  smaller  step  heights,  we  focus  in  this  paper  on  the  20-^V 
switching  sequences.  It  was  also  observed  that  the  switching  rate  increased  significantly 
with  the  device  temperature.  From  the  histograms  of  the  duration  the  device  spent  at 
the  high  and  low  resistive  states,  the  corresponding  time  constants  of  the  RTN  at  differ¬ 
ent  temperatures  and  biases  were  obtained  through  exponential  curve  fitting.  Figure  2 
shows  the  Arrhenius  plots  of  the  high  and  low  resistive  state  time  constants,  Th  and 
from  which  the  activation  energies  for  and  ti  were  found  to  be  81  meV  and  51  meV 
respectively. 


Fig.  1.  A  complete  time  capture  frame 
of  RTN  in  RTD  at  U  =  —0.4  V  and 
T  =  60  K.  All  discrete  switches  with  step 
height  20-/iV  are  enumerated. 


Strong  bias  dependence  on  the  magnitudes  of  the  time  constants  were  observed  as  shown 
in  Fig.  3a,  where  both  Th  and  r/  were  found  to  decrease  exponentially  with  increasing 
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negative  bias  at  the  emitter. 


-0.4S  -0.44  -0.40  -0.36  *0-^  "0-40  -0.36 


Applied  Voltage  (V)  Applied  Voltage  {V) 

Fig.  3.  (a)  The  bias  dependence  of  ti  (solid  triangle)  and  (open  square);  (b)  trap 
occupancy  fj  for  ti  =  (open  square),  and  th  =  (solid  triangle). 

PROPOSED  LOW  FREQUENCY  NOISE  MODEL 

The  observation  of  RTN  in  RTDs  presents  a  strong  evidence  for  the  defect 
origin  of  low  frequency  noise  in  these  devices.  Furthermore,  our  study  of  the  tempera¬ 
ture  and  bias  dependence  of  time  constants  reveals  the  kinetics  of  traps.  To  complete 
the  model  of  noise  based  on  electron  trapping,  we  need  to  explain  the  modulation  mech¬ 
anism  whereby  the  microscopic  process  causes  fluctuations  in  the  device  conductance. 
Following  Machlup’s  analyses  of  RTN  statistics,  the  current  noise  power  spectral  density 
resulting  from  a  single  trap  is  shown  to  be 

5H/)  = 

=  4(A/o)Vr(l-/r)^_^^^^2^2-  (1) 

To  establish  the  model,  we  consider  the  discrete  current  change,  A/q,  caused 
by  carrier  trapping  of  a  single  defect,  and  compare  such  theoretical  results  with  our  mea¬ 
sured  switching  steps  in  RTN.  We  consider  the  modulation  of  the  Coulomb  potential 
arising  from  the  excitation  of  a  single  trap  in  the  barrier.  Such  an  event  may  cause  fluc¬ 
tuations  in  the  thermionic  emission  current  by  modulating  the  effective  barrier  height  as 
well  as  the  transmission  probability  of  the  electrons,  and  thus  the  tunneling  current  due 
to  changes  in  the  local  band  profile.  To  investigate  these  effects  we  calculate  the  three- 
dimensional  Coulomb  potential,  d>5,  of  a  single  ionized  trap  by  modeling  the  trapped 
charge  as  a  delta  function  of  strength  Q  —  ±q.  Due  to  the  layered  structure  of  RTDs, 
the  computation  of  4>s  needs  to  account  for  the  abruptly  varying  dielectric  constants. 
In  addition,  since  a  high  concentration  of  electrons  (>  10^®cm“^)  reside  in  the  emitter 
accumulation  region  adjacent  to  the  first  barrier,  considerable  screening  of  the  Coulomb 
potential  is  expected  and  needs  to  be  included  in  the  calculations.  Therefore,  Poisson’s 
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equation  can  be  solved  in  cylindrical  coordinates: 


^2.  ,  >  _  1  94:,  ^  d^i>. 


+ 


1  d  (  d4>s\  _ 

dz  \  dz  ) 


+  r2  ’ 


es  27rr 


(2) 


where  ^  and  r  are  the  perpendicular  and  radial  distances  with  respect  to  the  interfacial 
plane,  and  Lb  is  the  Debye  length.  The  second  term  on  the  right-side  of  Eq.  (2)  accounts 
for  screening  of  the  Coulomb  potential  by  electrons.  The  presence  of  an  ionized  trap 
results  in  a  modified  potential,  Us{r).  The  tunneling  current  density  Jt  is  given  by 


Jt 


qm*kBT 


dE,Tr{E,)\n 


l  +  exp(^f^) 
_l+exp(I^)_’ 


(3) 


where  the  transmission  coefficient,  Tr,  of  the  electrons  through  the  device  is  evaluated  by 
solving  the  time-independent  Schrodinger  equation  following  the  quantum  mechanical 
wave  impedance  method  [10]  based  on  a  transmission  line  analogy  for  a  one-dimensional 
potential  U{z).  Fluctuations  in  current  density  due  to  (ps  are  computed  by  taking  the 
differences  of  the  current  densities  calculated  for  Us  and  that  calculated  for  f/,  giving 
AJt(r).  The  total  current  fluctuation  is  obtained  by  integrating  AJt{r)  over  the  device 
area. 


DISCUSSION 


We  compare  the  model  with  the  experimental  results.  First,  the  capture  of 
an  electron  in  the  barrier  results  in  the  increase  in  the  device  resistance.  Consequently, 
according  to  the  model,  ri  corresponds  to  capture  time  constant  and  corresponds  to 
emission  time  constant  of  the  trap.  To  examine  this  experimentally,  we  examine  the 
20-fiW  switchings  in  the  RTN  data  which  shows  that  both  r/  and  vary  exponentially 
with  the  applied  voltage.  The  trap  occupancy,  /y,  is  related  to  the  capture  and  emission 
time  constants  by  fx  =  +  Tc).  Since  it  is  not  known  a  priori  whether  r/  or  r/j 

corresponds  to  Tc,  we  plot  the  two  possible  cases  in  Fig.  3b  where  the  open  circles  and 


open  triangles  represent  the  cases  where  r/ 
As  a  larger  negative  bias  is  applied  to  the 
emitter,  the  Fermi  level  in  the  emitter  re¬ 
gion  is  raised  leading  to  an  increase  in  the 
probability  of  the  occupancy  of  the  trap. 
From  the  figure  it  is  clear  that  r/  corre¬ 
sponds  to  the  capture  time  constant,  which 
is  consistent  with  the  proposed  model. 

The  calculated  current  fluctuation,  A/q, 
arising  from  the  capture  of  an  electron  by 
a  trap  within  the  first  energy  barrier  gives 
rise  to  a  voltage  fluctuation  AU  ==  A/q/^/?, 
where  gx)  is  the  dynamic  conductance.  The 
results  are  shown  in  Fig.  4,  where  the  solid 
triangles  are  the  experimental  data  for  the 
trap  that  exhibits  step  size  of  approxi¬ 
mately  20-/iV,  the  solid  line  and  dashed 
line  correspond  to  calculated  step  size  for 
^  positively  charged  and  neutral  trap 


=  Tc  and  respectively. 


Temperature  (K) 

Fig.  4.  Comparison  between  experimen¬ 
tal  and  calculated  RTN  step  sizes. 
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located  at  the  center  of  first  barrier  from  the  emitter  respectively,  and  the  double  ar¬ 
row  indicates  the  range  of  step  sizes  observed  in  the  experiment.  The  inset  indicates 
the  magnitudes  of  the  step  heights  calculated  for  a  positively  charged  trap  located  at 
different  positions  within  the  first  barrier  from  the  emitter  for  T  =  60  K.  Clearly,  the 
theoretical  estimates  of  AV  agree  well  with  the  experimental  data,  providing  strong 
support  for  the  model. 

In  Fig.  3a,  both  and  are  shown  to  decrease  with  increasing  negative 
bias  at  the  emitter.  For  traps  that  capture  electrons  from  the  emitter  and  subsequently 
releasing  them  back  to  the  emitter,  one  would  expect  that  the  application  of  a  more 
negative  voltage  would  lower  the  capture  barrier  but  raise  the  emission  barrier.  Since  the 
time  constants  and  vary  exponentially  with  the  capture  and  the  emission  barriers, 
respectively,  should  decrease,  and  should  increase  as  is  typically  seen  in  RTN 
measured  from  MOSFETs  [11,  12].  Experimental  data  in  Fig.  3b,  however,  indicate 
otherwise.  An  alternative  view  is  that  of  hopping  conduction  via  localized  states,  in 
which  carriers  are  captured  from  the  emitter,  but,  instead  of  being  emitted  back  to 
the  emitter,  are  released  into  the  quasi-bound  states  in  the  quantum  well.  An  increase 
in  the  negative  bias  raises  the  emitter  Fermi  level  accompanied  by  a  reduction  in  the 
capture  barrier.  Similarly,  the  emission  energy  barrier  is  also  decreased.  Consequently, 
both  the  capture  and  the  emission  time  constants  decrease  with  increasing  negative 
bias.  The  bias  dependences  of  our  RTN  data  clearly  indicate  hopping  conduction  as  the 
underlying  mechanism  for  the  RTN. 

The  RTN  technique  can  be  utilized  to  characterize  the  traps.  The  capture 
rate  of  the  trap  can  be  expressed  as 

1  _ 

—  =  CnU  =  (4) 

where  is  the  average  thermal  velocity  of  the  carriers,  n  is  the  carrier  density,  and  <7^ 
is  the  capture  cross  section  which  can  be  expressed  as 


C^n  —  <^n0  OXp 


(5) 


in  which  (t„o  is  the  capture  cross  section  at  infinite  temperature.  Our  calculations  show 
that  (Tno  ~  1.4  X  10~^®cm^.  To  evaluate  the  density  of  traps,  we  estimate  that  over  the 
range  of  sampling  rates,  from  51.2  Hz  to  256  kHz,  used  in  measuring  random  switching 
patterns  and  over  the  temperature  range  of  57-70  K  the  total  number  of  active  traps 
observed  from  the  RTN  data  is  of  the  order  of  10.  With  a  device  area  of  1.26x10“'^  cm^, 
the  density  of  active  traps  is  estimated  to  be  ~  10^  cm“^eV“E 


CONCLUSION 


Detailed  studies  of  RTN  in  GaAs/AlGaAs  resonant  tunneling  diodes  over  a 
wide  range  of  temperatures  and  biases  have  been  conducted.  Based  on  the  analyses  of 
the  experimental  data,  we  presented  a  noise  model  that  accounts  for  the  observed  low 
frequency  fluctuations  in  the  device.  We  showed  that  the  low  frequency  noise  arises  from 
defect  assisted  hopping  of  electrons  through  the  energy  barrier.  This  process  gives  rise 
to  fluctuation  in  the  transmission  coefficient  of  the  tunnel  barrier.  We  have  also  shown 
that  detailed  trap  parameter  can  be  extracted  from  the  RTN  data.  In  our  studies  of 
the  RTN,  we  focused  on  one  of  the  traps  that  produces  a  discrete  switiching  of  20-//V. 
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We  found  that  the  capture  cross  section  for  this  trap  is  of  the  order  1.4xl0“^®cm^  and 
the  trap  density  of  the  device  is  estimated  to  be  about  lO^cm'^eV"^. 
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ABSTRACT 

An  overview  of  low-frequency  noise  (LFN)  techniques  is  done  where  a  brief 
description  of  experimental  techniques  and  results  is  given  about  methodologies 
developed  for  characterization  and  testing  in  microelectronic  systems.  Three  such 
evaluation  techniques  are  discussed  as  examples.  The  first  one  involves  the 
characterization  of  electromigration  parameters  and  prediction  of  the  life-times  in  Ve:^  - 
Large  -  Scale  -  Integrated  (VLSI)  circuit  metallization  layers  and  vias.  By  performing 
LFN  measurements  in  accelerated  electromigration  (EM)  conditions  such  as  elevated 
temperatures  and  at  stressing  current  densities,  one  can  evaluate  the  EM  parameters  like 
activation  energy  and  current  exponent.  Then,  these  parameters  are  used  to  establish  a 
correlation  between  the  life-time  of  the  metallization  layer  and  the  LFN  the  film 
exhibits,  which  in  turn  can  be  used  as  a  predictor  of  life-time.  Secondly,  LFN 
measurements  can  be  utilized  to  characterize  YBa2Cu307.§  thin  films  and  to  determine 
the  quality  of  the  film  related  to  its  composition,  crystallinity,  Resistance-Temperature 
(R-T)  characteristics,  and  the  critical  current.  The  third,  and  perhaps  the  most  widely 
reported  application  of  the  LFN  characterization  techniques  is  the  measurement  of 
semiconductor  -  insulator  interface  state  densities,  specifically  in  HgCdTe  and  Si  Metal 
-  Insulator  -  Semiconductor  (MIS)  structures.  This  can  be  done  by  varying  the  bias 
conditions  of  the  structure,  temperature  or  both. 

INTRODUCTION 

Although  there  is  no  single  Low-Frequency  Noise  (LFN)  technique  that  is 
universally  used  for  characterization  and  testing  purposes,  all  such  methods  involve 
noise  measurements  at  the  lower  ranges  of  the  frequency  spectrum  either  as  a  function 
of  temperature  or  bias  conditions  to  extract  parameters  that  are  inherent  to  the 
mechanism(s)  proven  to  be  the  origin  of  these  fluctuations.  Therefore,  first  there  should 
be  profound  evidence  to  the  fact  that  the  characterized  mechanism  indeed  causes  these 
low-frequency  fluctuations.  Second,  the  proposed  LFN  method  should  be  easy  to 
implement  and  should  surpass  other  existing  techniques  in  at  least  one  aspect.  There 
have  been  few  applications  of  noise  measurements  as  a  characterization  and  testing  tool. 
In  the  next  three  sections,  I  am  going  to  describe  noise  measurement  techniques  and  its 
applications  as  a  characterization  method  for  three  different  systems.  These  are  the 
detection  of  electromigration  in  thin  metal  films,  characterization  of  interface  states  in 
MIS  structures,  and  establishing  a  correlation  between  noise  and  electrical  and  material 
characteristics  of  YBa2Cu307_5  thin  films.  The  list  of  papers  sited  in  this  overview  is 
not  intended  to  be  a  comprehensive  list  but  merely  a  representative  of  the  different 
investigations  in  these  areas. 
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ELECTROMIGRATION  CHARACTERIZATION 

Currently  over  a  quarter  of  all  failures  in  the  VLSI  circuits  is  due  to  the  metallization 
layers.  Moreover,  the  vast  majority  of  metallization  failures  is  from  electromigration 
damage.  Most  common  techniques  used  to  characterize  electromigration  parameters  in 
thin  metal  films  and  to  predict  their  life-times  are  time  consuming  and  destructive.  Low 
-  frequency  noise  measurements,  on  the  other  hand,  provide  information  about  the 
electromigration  parameters  and  were  shown  to  be  good  indicators  of  their  life-time. 
Moreover,  if  the  measurement  time  is  low,  the  amount  of  damage  induced  in  the  film  is 
negligible. 


Figure  1.  Voltage  noise  power  spectral  density  at  10  Hz  vs  MTF  for 
5  wafers.  The  fitted  line  depicts  S  y  1/MTF. 

A  method  that  utilizes  LFN  measurements  for  electromigration  studies  has  been  first 
suggested  by  Celascoi  et  al.  in  1976.  Later,  similar  methods  have  been  developed  by 
Koch  et  al.2.  Diligent!  et  al.3>4,  Cottle  et  al.^,  van  der  Ziel  et  al.^,  and  ^elik-Butler  et 
al.^’^.  A  model  relating  observed  low-frequency  noise  to  electromigration  mechanisms 
was  developed  based  on  electron  mobility  fluctuations  due  to  scattering  from  vacancies 
migrating  along  the  grain  boundaries.  Through  this  model,  the  voltage  power  spectral 
density  measured  across  the  film  can  be  written  as^: 
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where  L  is  the  mean  distance  of  travel  by  the  vacancy  before  it  reaches  a  vacancy  sink 
or  meets  an  interstitial  where  it  is  annihilated.  V  is  the  applied  voltage,  Ea  is  the 
electromigration  activation  energy,  T  is  the  temperature,  and  k  is  the  Boltzmann 
constant.  S  is  F/kT  where  F  is  the  driving  force  for  electromigration  which  can  be 
expressed  as  qZ*bE  in  terms  of  the  electric  field  E,  the  effective  charge  number  Z*b  for 
grain  boundary  electromigration  and  the  elementary  charge  q.  The  predictions  of  the 
above  expression  have  been  verified  experimentally  as  far  as  the  bias  and  temperature 
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dependences  of  noise  magnitude  Sy  and  the  frequency  exponent  y  of  the  l/fV  spectrum 

(7=SL+1)  are  concerned^.  Moreover,  the  activation  energies  computed  using  noise 
measurements  were  found  to  be  in  the  same  range  for  grain  boundary  vacancy 
migration  activation  energies  measured  using  other  techniques^. 

In  addition  to  the  characterization  of  electromigration  parameters  such  as 
electromigration  activation  energy,  low-frequency  noise  measurements  can  also  be  used 
to  predict  the  life  -  times  of  VLSI  metallization  layers  due  to  electromigration  failures. 
Two  such  investigations  have  been  reported  showing  that  there  is,  in  deed,  an  inverse 
relationship  between  the  initial  noise  exhibited  by  the  structure  and  the  mean  -  time  -  to  - 
failure  (MTF).  Cottle  et  al.  showed  such  a  correlation  exists  between  noise  and 
fabrication  processes,  and  life-times  for  TiW  /  Al  interconnections,  f  elik-Butler  and  Ye 
proved  the  same  for  W  /  Al  -Cu  multilayered  metallizations.  Figure  1  depicts  the  voltage 
noise  power  spectral  density  at  10  Hz  vs  MTF  for  the  multilayered  metallizations. 
Noise  measurements  were  performed  at  T=150  °C  with  the  samples  biased  with 
1=4x10^  A/cm^.  Life-time  tests  were  done  at  T-200  °C  (Tstripe=216  °C)  and  1=2x10^ 
A/cm^.  The  least-squares  fitted  line  shows  an  inverse  relationship  between  these 
parameters. 

There  are  problems  still  remaining  to  be  investigated  in  relating  low-frequency  noise 
to  electromigration  failure,  especially  in  vias  between  multilayered  metallization  layers 
and  contacts  since  it  has  been  shown  that  some  of  the  failures  are  due  to  voids  in  these 
regions. 

CHARACTERIZATION  OF  HIGH  Tc  SUPERCONDUCTING  FILMS 

Contrary  to  the  low-frequency  noise  of  thin  metal  films  and  MIS  structures,  there  is 
no  established  and  widely  accepted  model  for  the  noise  behavior  of  high  Tc 
superconducting  thin  films.  .  The  reported  noise  magnitudes  as  well  as  the  spectral 
shape,  for  YBa2Cu307-§  for  example,  differ  vastly  from  one  sample  to  sample,  making 

it  impossible  to  evaluate  a  consistent  value  for  Hooge’s  constant  a  in  the  expression  10; 


S 


V 


(2) 


Here,  V  is  the  voltage,  and  Nc  is  the  total  number  of  charge  carriers  between  the 
voltage  probes.  Moreover,  there  are  contradicting  reports^  on  agreement  between 
specific  data  and  the  generally  accepted  1/f  noise  models,  such  as  the  equilibrium 
temperature  fluctuations  model Hooge's  modeF^,  or  Dutta's  thermal  activation 
modeF^.  There  also  has  been  an  attempt  to  explain  the  noise  behavior  of  YBa2Cu307-§ 
thin  films  in  the  normal  state  through  a  McWhorter-like  tunneling  mechanism^'^.  If  the 
low-frequency  noise  technique  is  to  be  used  as  a  characterization  tool,  first  a  detailed 
investigation  has  to  be  done  on  the  origin  of  these  fluctuations. 

Some  preliminary  investigations  have  been  reported  relating  the  1/f  noise  magnitude 
to  the  crystal  structure  and  orientation.  R.  D.  Black  et  al.^2  showed  that  1/f  noise 
magnitude  measured  on  c  -  axis  -  normal  epitaxial  YBa2Cu307.5  films  on  SrTi03 
substrate  was  two  to  three  orders  of  magnitude  lower  that  that  measured  on  granular 
YBa2Cu307.5  films  on  Zr02  buffer  layers  with  different  substrates.  It  was  also  found 
that  as  the  R  -  T  characteristics  deteriorated,  the  1/f  noise  component  increased  in  these 
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The  1/f  noise  magnitude  increased  with  time  as  the  film  degraded  when  it 
was  left  exposed  to  air.  Figure  2  shows  the  normalized  noise  power  spectral  density  at 
500  Hz  measured  on  YBa2Cu307-5  film  sputtered  on  MgO.  The  increased  SyA^^  was 
accompanied  by  a  15%  resistance  increase  with  time^^. 
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Figure  2.  Degradation  of  the  YBCO  film  with  time. 


1/f  noise  measurements  promise  to  be  good  indicators  of  film  quality  in  high  Tc  thin 
film  superconductors.  However,  a  thorough  study  linking  the  1/f  noise  to  the  crystal 
structure,  R-T  characteristics  and  film  deposition  techniques  on  different  substrates  is 
still  lacking. 


CHARACTERIZATION  OF  INTERFACE  STATES 

Perhaps  the  most  widely  reported  application  of  1/f  noise  measurements  as  a 
characterization  method  is  the  determination  of  dielectric  traps  in  a  semiconductor  - 
dielectric  system.  It  is  widely  accepted  now  in  the  noise  community  that  the  major 
contributor  to  noise  in  surface  conduction  devices  is  the  trapping  centers  at  the 
semiconductor  -  dielectric  interface  and  in  the  bulk  dielectric  whether  this  is  due  to 
carrier  number  or  carrier  mobility  fluctuations  or  both.  Therefore  in  theory, 
measurement  of  this  noise  should  yield  information  about  the  magnitude  and  energy 
distribution  of  these  traps.  Different  experimental  techniques  have  already  been 
developed  where  MISFETs,  MIS  capacitors,  ungated  oxide  -  semiconductor  structures, 
made  of  Si  and  HgCdTe  have  been  probed  to  extract  interface  trap  densities.  There 
have  been  also  variations  in  the  type  of  models  used.  There  are  several  advantages  of 
using  noise  techniques  to  measure  interface  trap  densities:  first,  capability  to  probe  into 
band  gap  energies  close  to  band  -  edges  and  to  energies  even  beyond  the  semiconductor 
band-gap;  second,  ability  to  probe  into  slow  interface  states  which  reside  within  the 
dielectric. 

One  of  the  first  investigations  was  done  on  ungated  diffused  resistors  with 
thermally  grown  oxide  where  1/f  noise  measurements  at  cryogenic  temperatures  were 
used  in  conjunction  with  McWhorter’s  number  fluctuation  theory  to  extract  Si-Si02 
interface  traps  density  around  the  valence  band  edge^^.  Later,  scattering  effect  of  the 
interface  traps  was  also  taken  into  account.  R.  Jayaraman  et  al.^^  and  Hung  et  al.^^ 
independently  developed  theories  where  correlated  mobility  fluctuations  due  to  traps  as 
well  as  the  number  fluctuations  are  considered  to  determine  the  trap  distribution. 
Jayaraman  and  Sodini^O  demonstrated  that  1/f  noise  data  taken  on  MOSFETs  as  a 
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function  of  gate  voltage  and  frequency  can  be  used  to  extract  oxide  trap  density  as  a 
function  of  distance  from  the  Si-Si02  interface  and  energy.  A  thermal  activation  theory 
was  utilized  by  Surya  and  Hsiang^^  to  compute  the  interface  states  in  Si  MOSFETs. 
Here,  the  noise  was  assumed  to  be  due  to  capture  and  emission  of  carriers  by  oxide 
traps  through  thermal  activation. 

For  determination  of  HgCdTe  -  ZnS  interface  states,  so  far  two  different  studies 
have  been  published.  1/f  noise  measurements  have  been  performed  at  77  K  on  HgCdTe 
MISFET’s  with  varying  band  gaps,  where  the  HgCdTe  -  ZnS  interface  states  have  been 
extracted  as  a  function  of  band  -  gap  energy23>24^  Figure  3  shows  the  trap  density  for  a 
p-substrate  240  meV  HgCdTe  found  through  the  investigation  of  the  drain  voltage 
noise  power  spectral  density  dependence  on  gate  and  drain  bias.  MIS  capacitors 
operated  in  pulsed  charge  integrating  mode  were  also  utilized  to  probe  into  HgCdTe  - 
ZnS  interface  trap  density 25. 


Figure  3.  Extracted  Zn  trap  density  vs  energy  from 
a  HgCdTe  MISFET. 


Although  there  have  been  some  variations  due  to  different  surface  treatments, 
interface  state  values  obtained  through  noise  measurements  are  in  general  agreement 
with  those  obtained  by  conventional  techniques  such  as  conductance  and  capacitance 
measurements. 


CONCLUSION 

Low  -  frequency  noise  measurements  promise  to  be  good  characterization  tools  that 
have  found  various  applications  in  microelectronics  where  the  parameters  involved  in 
the  mechanism(s)  causing  these  fluctuations  can  be  identified  and  investigated.  Some  of 
these  parameters  are  interface  states  in  surface  conduction  devices,  electromigration 
parameters  in  stressed  metallization  layers,  and  crystallinity  and  crystal  orientation  in 
high  Tc  superconductors. 
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ABSTRACT 

Application  of  low  frequency  (LF)  noise  analysis  to  defect  characterization, 
diagnostic  and  reliability  of  electronic  devices  is  based  on  the  evaluation  of  the  G-R 
and  1/f  noise. After  some  remarks  on  the  parameters  shifts  induced  by  non-stationary 
processes,  specific  examples  on  electromigration,  p-n  junction  devices  and  FET's  are 
detailed. 


INTRODUCTION 

Application  of  low  frequency  (LF)  noise  analysis  to  defect  characterization, 
diagnostic  and  reliability  of  electronic  devices  is  based  on  the  evaluation  of  the  G-R 
and  1/f  noise.  It  is  now  established  that  there  are  basically  two  kinds  of  LF  1/f  noise  in 
semiconductor  devices.  The  first  type,  sometimes  called  fundamental  1/f  noise  belongs 
to  the  family  of  theoretical  sources  of  noise  along  with  thermal,  shot  and  G-R  noises. 
The  other  kind  is  related  to  defects  in  the  device  structure.  Strictly  speaking,  its  spectral 
density  is  of  the  l/D  type,  where  7^  1.  We  call  it  excess  1/f  noise  and  it  is  just  this 
kind  of  noise  that  we  will  deal  with  henceforth. 

In  the  early  60's,  it  has  been  accepted  that  a  device  which  exhibits  excessive 
noise  level  represents  a  major  reliability  risk.  Hence  a  device  generating  important 
noise  level  will  prematurely  be  "going  out  ot  specs"  than  another  sample  the  noise  of 
which  is  found  in  a  "normal"  range.  This  approach  supports  the  trend  of  performing 
screening  tests  to  detect  and  eliminate  samples  which  may  present  potential  failures. 

It  has  been  suggested  long  ago  that  the  excess  1/f  noise  can  be  used  for 
assessment  of  the  device  technology,  to  reveal  defects,  briefly,  to  non-destructive 
device  testingf  It  was  mainly  due  to  the  fact  that  the  excess  noise  is  by  orders  of 
magnitude  more  sensitive  to  the  presence  of  defects  than  other  parameters,  such  as  an 
electrical  resistance. 

Noise  analysis  provides,  in  general,  information  about  interface  traps,  volume  traps  in 
MOSFETs  and  also  in  the  depletion  layer  of  P-N  junctions.  At  the  same  time,  these 
methods  can  provide  information  on  Silicon  and  III-V  FET's.  Information  about  lack 
of  ideality  in  various  devices  can  be  obtained  from  the  frequency,  voltage,  current  and 
temperature  dependences  of  the  spectral  density.  The  next  steps  were  made  to  suggest 
that  1/f  noise  can  be  used  to  assess  the  quality  and  to  predict  the  reliability  of  electronic 
devices.  In  the  past  the  reliability  prediction  was  mainly  based  on  evaluation  of  time- 
average  values  of  the  first  moments  of  the  realizations  of  the  measurable  quantities. 

Use  of  noise  for  quality  assessment  and  reliability  prediction  is  based  on 
analogous  quantities,  but  it  is  the  second  moment  of  the  realization  that  is  evaluated. 
And  this  is  also  the  reason  why  this  method  is  more  sensitive.  It  is,  therefore,  much 
more  suitable  for  control  of  technology  processes  and  for  the  prediction  of  the  device 
life  time.  Hence,  noise  measurements  become  an  effective  screening  tool  for  reliability 
evaluation  instead  of  the  usual  time-consuming  and  destructive  life  tests  generally 
performed  under  accelerating  ageing  conditions. 
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NOISE  SPECTROSCOPY  AND  DEFECT  CHARACTERIZATION 


Any  kind  of  defects,  structural  and  chemical,  located  in  the  active  region  of  a 
semiconductor  device  will  generate  excess  noise.  The  resulting  low  frequency  excess 
noise  can  be  either  stationary  or  non-stationary. 

For  stationary  processes,  it  is  possible  to  use  the  noise  spectroscopy  to 
determine  some  parameters  of  localized  states  in  the  band  gap.  In  this  way,  energy 
levels  and  capture  cross-sections  can  be  determined.  This  is  applicable  both  to 
crystalline  and  polycrystalline  materials. 

Noise  spectroscopy  is  used  to  determine  the  parameters  of  deep  levels,  known  as  DX 
centers  in  GaAs  based  heterostructures^  (fig-1)- 

Simeon  et  al.^  applied  a  combined 

_  low-frequency  and  RTS  analysis  to 

Silicon  MOSFET's  and  showed  that 
the  noise  is  most  probably  related  to 
the  presence  of  deep  level  G-R 
centers  in  the  depletion  region  of  the 
MOST.  In  their  model  the  excess 
noise  amplitude  was  proportional  to 
the  defectiveness  of  the  SOI  film. 
Madenach  and  Werner^  applied  the 
same  approach  to  ion-implanted 
172K  polysilicon  thin  films  and  were  able 
to  find  out  the  defect  parameters. 

The  noise  spectroscopy  can  be  used 
also  to  identify  single  traps.  Schulz 
and  Pappas^  determined  parameters 
of  individual  defects  in  MOS 
interface  from  the  RTS  noise.Defects 
that  are  caused  by  radiation  generate 
f(»^)  sources  of  noise,  whose  spectral 

density  is,  as  a  rule,  proportional  to 
Figure  1  :  G-R,  Noise  Spectra  at  different  j^e  square  root  of  the  radiation  dose, 
temperatures  in  AlGaAs/GaAs  HEMTs.  This  was  shown  on  copper  films  by 

Pelz  et  al.^. 

On  the  other  hand,  it  has  been  shown  by  Vandamme  and  Oosterhoff”^  that  annealing 
decreases  the  concentration  of  structure  defects  and  the  noise  spectral  density. 


NON-STATIONARY  PROCESSES  AND  PARAMETRIC  DEGRADATION 


Non-stationary  noise  may  be  generated  when  the  defects  in  the  device  active 
region  are  unstable.  From  the  point  of  view  of  parametric  degradation  and  reliability 
only  those  defects  whose  positions  change  as  a  consequence  of  the  temperature, 
thermal  and  concentration  gradients,  mechanical  and  electrical  stress  are  important.  In 
other  words,  degradation  takes  place  only  when  the  electrical  field  intensity  of  other 
external  driving  forces  exceed  a  certain  value  necessary  to  activate  the  motion  of  these 
defects,  which  may  result  in  parametric  degradation  or  even  a  failure. 
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In  the  millihertz  region  the  non-stationary  components  of  noise  can  manifest 
their  presence  in  the  measured  quantities  as  follows  : 

i)  a  slow  drift,  or  a  trend,  in  the  first  moment  of  the  realization  in  the  time  domain, 

ii)  a  higher  value  of  the  exponent  yin  the  plot  in  the  frequency  domain. 

The  processes  associated  with  the  above  mentioned  non-stationary  phenomena 
bring  about  changes  in  operational  characetristics  of  the  device  in  question  and  may 
eventually  result  in  a  parametric  failure.  Any  means  suitable  to  detect  such  processes  is 
therefore  of  high  importance  for  reliability  prediction. 

ELECTROMIGRATION 

When  dealing  with  the  use  of  noise  in  this  field,  it  should  be  emphasized  that 
conventional  testing  techniques  respond  to  the  presence  of  mostly  immobile  defects, 
whereas  noise  measurements,  particularly  in  the  millihertz  region,  provide  information 
on  defects  that  are  mobile,  that  is,  about  migrating  atoms,  moving  dislocation  lines, 
etc.  A  typical  phenomenon  of  this  kind  is  electromigration,  which  became  one  of  the 
most  important  problems  in  VLSI  integrated  circuits. 

The  fundamental  mechanisms  of  the  electromigration  phenomena,  which 
influence  substantially  the  reliability  of  semiconductor  devices,  consists  in  transport  of 
aluminium  in  conducting  tracks.  Assuming  that  the  excess  noise  is  generated  by 
random  processes  associated  with  diffusion  mechanisms,  a  thermal  activation  of  the 
noise  is  empirically  modelled  either  for  1/f^  noise  or  in  the  most  general  case  for  1/fY 
noise.  The  activation  energy  derived  from  excess  noise  dependence  on  temperature  can 
be  expressed  on  the  basis  of  the  Black's  equation  by  using  two  different  temperatures 
corrresponding  respectively  to  noise  measurement  and  to  electromigration  test. 

Bagnoli^  showed  that  activation  energy  as  determined  from  the  Arhenius  plot  of 
the  noise  spectral  density  has  nearly  the  same  value  as  when  determined  by  other 
methods.  It  has  been  found  to  range  from  0.6  to  1.2  eV,  according  to  the  passivation 
and  impurity  concentration  and  is  close  to  that  derived  from  the  grain  boundary 
diffusion  in  AI  films. 

It  must  be  precised  that  this  attempt  still  requires  work  to  precise  the  origin  of 
discrepancies  in  the  experimental  values  of  the  activation  energies  obtained  by  both 
procedures.  Sun  et  al.^  and  Celik-Butler^f^  have  found  a  relation  between  the  mean 
time  to  failure  and  the  narrow  band  noise  voltage  (fig.  2). 

Jones  et  al.^^  showed  that  excess 
noise  is  usually  observed  in  good  Al 
tracks  at  high  current  densities  and 
temperatures,  whereas  electromi¬ 
gration  damaged  tracks  show  excess 
noise  at  low  currents  and  tempera¬ 
tures, 

Touboul  et  al.^2  studied  electro¬ 
migration  in  Al  and  damages  in  NiCr 
stripes  by  means  of  the  LF  noise  and 
showed  that  a  weak  degradation  of 
electrical  parameters  corresponds  to 
a  great  increase  in  the  excess  noise 
level  (fig.  3). 
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Figure  2  :  Time  to  failure  versus  l/f^  noise 
voltage. 
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They  have  found  out  that  the  noise 
power  increases  by  four  orders  of 
magnitude  whereas  the  resistance 
increases  by  two  per  cent,  when  the 
sample  is  stressed.  Moreover,  they 
have  found  noise  of  the 
spectrum  type,  with  y  ranging  from 
1  to  2.6. 

A  quantitative  explanation  why 
resistance  noise  measurements  are 
more  sensitive  than  resistance 
measurements  only,  was  given  by 
Vandamme^^  by  modelling  degra¬ 
dation  of  conducting  carbon  thin 
films  by  holes  and  kinks  and  the 
consequent  generation  of  the  1/f 
noise. 

In  what  concerns  the  higher  value  of  the  exponent  y  we  suggest  an  explanation 
of  this  phenomenon,  which  stems  from  the  non-stationarity  of  the  noise  generation. 
Presence  of  non-stationary  processes  is  manifested  in  the  frequency  domain  through  an 
1/fy  component,  where  y  is  greater  than  unity,  sometimes  it  holds  y  2. 

The  exponent  y  appears  to  be  stress-dependent  :  an  increase  of  y  is  often 
noticed  when  increasing  the  current  density  or  the  stripe  temperature.  To  obtain  a  pure, 
or  near-pure  1/f  noise,  one  has  to  substract  from  the  entire  realization  in  the  time 
domain  the  higher-exponent  noise  component  which  is  usually  identified  as  a  time-drift 
(Vasina  et  al.i^).  It  is  clearly  established  that  a  1/f^  law  in  electromigration  test  stems 
from  erroneous  causes  and  generally  has  deterministic  origins :  it  appears  important  to 
discriminate  1/f^  noise  arising  from  vacancy  fluctuations  or  else  from  the  resistance 
value  drift  of  the  sample  under  test.  On  the  other  hand,  existence  of  such  a  trend  in  the 
millihertz  region  can  be  used  to  advantage  as  an  indicator  of  slow  ion  motion,  e.g., 
electromigration.  Then  a  1/f^  noise  is  an  accurate  predictor  of  failure  times.  This 
component  of  the  noise  carries  most  information  concerning  the  non-stationary 
microscopic  processes  which  in  turn  are  responsible  for  low  device  reliability. 

In  spite  of  the  potential  of  the  noise  measurements,  it  is  not  possible,  at  present,  to 
foresee  the  effect  of  a  prolonged  stress  and  to  make  a  precise  estimate  of  the  lifetime  of 
the  sample It  still  seems  controversial  to  conclude  on  the  slope  of  the  noise  spectra 
effectively  produced  by  electromigration  and  hence  on  the  valididty  of  the  MTF  derived 
from  its  expressions. 

RELIABILITY  INDICATORS  IN  P-N  JUNCTION  DEVICES 

The  concept  of  a  reliability  indicator  was  introduced  by  Jensen  and  Moltoft^^  in 
1986  and  now  represents  one  of  the  major  features  of  most  reliability  evaluation 
procedures. 

Use  of  noise  for  study  of  the  degradation  process  in  semiconductor  devices 
needs  to  define  measurable  quantities,  which  could  provide  information  not  only  about 
the  defects  but  also  about  their  localization.  The  noise  parameters  have  to  be  completed 
by  transport  parameters.  For  P-N  junction  devices  it  has  been  verified  that  the 
reliability  indicators  are  the  following  ; 
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Figure  3  :  Noise  spectral  intensity  (arb.  units) 
as  a  function  of  the  relative  increase  of 
resistance  AR/R. 
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i)  maximum  value  of  the  noise 
voltage  spectral  density  SuM 
forward  direction  across  a  load 
resistance  Rg, 

ii)  the  reverse  voltage  U  at  which 
the  noise  voltage  spectral  density 
across  a  given  load  resistance  equals 
twice  that  of  the  background  noise 
(f"ig.4), 

iii)  the  burst  noise,  where  the 
structure  defects  modulate  the 
current. 

These  indicators  were  used  by 
Sikula  et  ah  for  reliability  prediction 
of  LED's^^  and  bipolar  IC's^^. 

RELIABILITY  INDICATORS  IN  FETs 
SILICON  MOS  TRANSISTORS 

Two  illustrative  approaches  will  be  underlined  for  the  applications  of  noise  to 
evaluate  damages.  Let  us  consider  first  the  important  contribution  to  define  radiation 
hardness  test  on  the  basis  of  preirradiation  noise  measurements  and  its  correlation  with 
the  post  irradiation  oxide-trapped  charge  density^ (fig.  5). 

Further  investigation  in  that  direction 
have  revealed  the  contribution  of  the 
channel  access  resistances.  Their 
noise  can  in  some  cases  screen  the 
intrinsic  channel  noise  and  hence 
restricts  the  field  of  application  of 
this  method  to  a  well-defined  techno¬ 
logical  MOS  process22_ 

Another  promising  application  is  the 
analysis  of  the  gate  voltage  and  drain 
current  noises  for  scaled-down  MOS 
transistors.  For  small  gate  area, 
extensive  work  deals  with  the 
R.T.S.  components  in  the  total 
noise. 

Once  more,  1/f  behaviours  may  be  distinguished  :  those  from  the  RTS 
fluctuations  and  the  "residual"  channel  excess  noise.  Specific  processing  of  the  drain 
current  noise  will  enable  one  to  extract  the  RTS  fluctuations  and  give  access  to  the 
analysis  of  an  individual  trapping  center23.  Nevertheless,  no  precise  trend  can  be 
drawn  to  predict  the  LF  noise  of  S-D  MOS  transistors  and  it  remains  of  great  interest 
for  VLSI  integrated  circuits  reliability. 

Excess  noise  measurements  performed  by  Jones  and  Xu^^  on  CMOS  logic 
integrated  circuits  have  shown  that  the  presence  and  size  of  the  noise  is  a  sensitive 
indicator  of  the  quality  and  hence  reliability  of  the  device. 
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Figure  5  :  Noise  level  K  versus  AVot 
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Figure  4  :  Noise  voltage  spectral  density  versus 
the  diode  reverse  voltage  plots  : 
a)  defectless  diode  -  b)  diode  with  defects. 
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III-V  DEVICES 

This  pan  will  be  restricted  to  the  impact  of  technology  on  the  noise  of  HEMT's. 
Noise  has  been  successfully  applied  to  quantify  the  effect  of  DX  centers  through  the 
correlation  between  the  transconductance  frequency  dispersion  and  the  fluctuation  of 
deep  levels  occupancy^^.  The  evolution  of  the  noise  with  bias  and  temperature  reveals 
individual  G-R  mechanisms  which  identify  these  DX  centers.  Another  application  is 
the  gate  current  noise  analysis  to  detect  failures.  This  approach  appears  to  be  more 
sensitive  than  the  drain  current  noise  analysis,  even  if  its  experimental  implementation 
is  not  straightforward.  It  is  completed  by  coherence  measurements  between  these  two 
noise  currents  (from  gate  and  drain)26. 

CONCLUSION 

Electrical  noise  can  be  used  as  an  indicator  to  characterize  the  quality,  device 
reliability,  and  for  prediction  of  electronic  device  failures.  Noise  spectral  density 
measurements  are  by  several  orders  of  magnitude  more  sensitive  than  other 
measurements  of  various  effects  of  physical  or  chemical  nature. 

It  is  a  more  sensitive  indicator  than  a  resistance  change  or  -  in  PN  junctions  -  the 
reverse  current,  the  breakdown  voltage,  the  parameter  change  in  other  devices,  such  as 
the  threshold  voltage  shifts  in  MOS  devices.  The  further  step  will  be  a  reasonable 
prediction  of  devices  life  expectancy  on  the  basis  of  their  excess  noise  analysis. 
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ABSTRACT 

The  objective  of  this  paper  is  twofold.  First,  the  model  theory  of  the  RTS  noise  developed  by 
Sikulova^  is  applied  to  an  analysis  of  the  RTS  noise  in  bipolar  Scholtky  IC’s.  This  theory  makes 
it  possible  to  evaluate  quantities  characteristic  of  the  processes  of  carrier  capture,  emission  and 
recombination.  Second,  a  new  non-invasive  method  of  potential  spectroscopy  of  IC’s  is  presented, 
which  makes  exclusive  use  of  the  IC  external  pins.  An  attempt  is  made  to  localize  the  sources  of 
the  observed  RTS  noise.  Experiment  results  are  in  a  good  agreement  with  the  mentioned 
theoretical  model. 


INTRODUCTION 

In  the  model  of  the  RTS  noise^  two  processes  are  taken  into  consideration: 
i)  The  primary  process  X(t),  which  consists  in  carrier  transitions  between  a  trap  and  the  bands. 
This  process  is  a  three-state  one  and  is  inaccessible  for  direct  measurement. 

ii)  The  secondary  process  Y(t)  which  consists  in  the  device  current  modulation  and  has  two  states, 
a  and  p.  The  distributions  of  the  (t  and  P  state  occupation  times  are 


ga  "  -  exp(-r/t^  )  , 


exp(-//Tj)  +  —  exp(-f/x^ 


■'a  =  (1  +  C  p 


p  t's  J  , 


p  " 


'll  ^ 

Pi 


The  dispersion  of  the  occupation  time  distribution  is  related  to  the  occupation  times  themselves, 
as  follows  from  the  equations: 

^  ^  \  +  02  t;  +  ^2  (^l  “  “^2)“  • 


The  model  of  the  RTS  noise  is  neither  material  nor  device  specific.  It  is  based  on  general  features 
of  the  processes  of  carrier  capture,  emission  and  recombination  in  structure  where  there  is  a  trap 


©  1993  American  Institute  of  Physics 


Z.  Chobola  et  al  213 


in  the  gap.  In  this  model,  an  important  role  is  played  by  the  relative  position  of  the  Fermi  level 
and  that  of  the  trap. 

The  objective  of  this  paper  consists,  therefore,  in  application  of  this  theory  to  bipolar  Schottky  IC’s 
which  exhibit  RTS  noise  in  a  certain  region  of  the  applied  DC  voltage  and  in  a  temperature  range. 


EXPERIMENT 

Fig.  1  shows  the  circuit  diagram  of  the  IC  under  test.  Only  the  pin  No  16  and  the  input  pin  are 
connected.  A  ramp  voltage  Up  source  is  connected  in  series  with  a  load  resistor  Rp  and  feeds  the 
mentioned  pins,  the  pin  No  16  being  positive.  The  noise  voltage  across  the  load  resistor  is 
analyzed  both  in  frequency  and  the  time  domain.  Fig.2  shows  a  typical  noise  voltage  spectral 
density  versus  Up  plot.  Several  peaks  are  seen  in  the  diagram.  The  sequence  of  the  peaks 
corresponds  to  the  sequence  of  forward  currents  of  various  junctions  in  the  IC. 

The  RTS  noise  was  observed  in  the  voltage  range  around  2  volts  the  corresponding  peaks  are 
shown  in  Fig.2. 

Fig.3  shows  the  probability  density  of  the  on-time  of  the  impulses.  Two  time  constants  are 
apparent,  namely  Tj  =  13  p.s,T2  =  80  p.s.  In  the  case  where  the  time  constant  differ  substantially, 
as  is  our  case,  the  mixed  system  can  be  easily  divided  into  two  clean  statistical  ensembles  with 
different  statistical  parameters. 
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If  the  two  parameters  are  close  to  one  another,  in  other  words,  if  Cj^n  is  approximately  equal  CpP^, 
which  means  physically  that  the  transition  probability  density  for  the  electron  capture  is 
approximately  the  same  as  the  transition  probability  density  for  a  hole  emission,  then  the  two 
processes  are  inseparable.  Two  different  microscopic  processes  play  the  role  here,  namely:  Either 
an  electron  from  the  conductivity  band  or  another  electron  from  the  valence  band  are  emitted  and 
captured  by  the  trap. 

It  follows  that  for  a  clean  ensemble  the  dispersion  of  the  occupation  time  is  equal  to  the  square 
of  the  average  value  of  this  quantity,  wheras  for  a  mixed  ensemble  a  more  complicated  formula 
holds,  (see  equ.(8)  in  paper^),  in  which  the  probabilities  of  both  above  mentioned  processes  play 
the  role. 

The  absolute  probability  densities  II  ,  11  p  are  independent  of  the  capture  cross  sections. 
Therefore,  the  number  of  variables  is  lowered.  Moreover  these  quantities  are  easily  measureble 
from  the  occupation  times, 


where  T^  is  the  total  time  during  which  the  system  is  in  the  state  a  and  T  is  the  total 
measurement  time.  The  quantity  11  ^  as  a  function  of  the  applied  voltage  for  the  sample  No 
85/03-16  is  in  Fig.4.  We  can  see  that  for  the  voltage  of  1,94  V  the  absolute  probability  density 
distribution  is  1/2.  In  this  case  the  Fermi  level  coincides  with  the  trap  level,  provided  that  the 
degeneration  is  neglected. 
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If  we  assume  that  the  trap  is  of  the  acceptor-like  type,  then  using  equ.  3  in  paper^,  we  may  draw 
the  probability  density  11  =  11  q  as  a  function  of  the  variable 

Ef  - 

X  =  - 

k  T 

In  this  diagram,  fig.5  our  results  are  represented  by  crosses,  results  obtained  by  Schultz^  for  level 
I  by  open  circles,  for  level  II  by  triangles.  It  is  seen  that  for  the  RTS  noise  to  be  generated  it  is 
necessary  that  x  is  within  ±  3kT,  or,  the  Fermi  level  is  very  close  to  the  trap  level. 


CONCLUSIONS 

Application  of  the  the  model^  to  the  RTS  noise  in  IC  provides  a  better  insight  into  the  microscopic 
processes  that  take  place  structures  with  PN  junctions. 
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ABSTRACT 

Microwave  noise  parameters  of  polysilicon  emitter  bipolar  junction  transistors  with  emitter 
areas  ranging  from  3.2  \xm^  to  144  collector  current  densities  from  ~1  .%xlO~^mAl\}jn^ 

to  -O.S  XmA  and  for  frequencies  between  1  and  5.4GHz,  have  been  measured  and  modelled 
from  a  O.Spw  BiCMOS  process.  Our  results  show  that  the  minimum  noise  figure  at  the 
typical  working  of  16mA  /\im^  and  frequency  of  IGHz  varied  as  the  real  Rs,oft 
imaginary  o/>r  of  the  optimal  source  impedance  varied  as  and  A^'^  respectively, 
the  noise  resistance  varied  as  A^’^  and  the  noise  voltage  varied  as  These  noise 
parameter  variations  with  A^  are  in  first  order  agreement  with  a  simple  noise  model  of  the 
bipolar  transistor,  and  with  the  experimental  finding  of  the  variation  of  the  base  resistance 
~  and  the  emitter  junction  capacitance  Cjg  ~  A/^  The  detailed  modelling  of  NFsq 
(referenced  to  a  input),  and  as  a  function  of  Jq  and  frequency  showed  good  agreement 

with  the  experimental  results. 


INTRODUCTION 

Polysilicon  emitter  (poly-emitter)  bipolar  junction  transistors  (B  JTs)  are  being  increasingly 
used  in  high  frequency  telecommunication  applications  in  the  GHz  frequency  range.  Because 
they  can  be  fabricated  on  the  same  wafer  as  CMOS  transistors,  they  allow  very  high  frequency 
performance  (BIT)  as  weU  as  dense  signal  processing,  memory,  and  other  relevant  circuits 
(MOS)  to  be  integrated  on  the  same  chip.  These  applications  require  accurate  models  for  the 
simulation  of  BIT  high  frequency  noise.  In  addition,  it  is  useful  to  investigate  the  effects  of 
emitter  area  scaling  on  the  device  noise  parameters. 

EXPERIMENTS 

The  devices  were  characterized  on  wafer  using  a  HP8510C  vector  network  analyzer  and  a 
HP  8970  noise  figure  meter.  The  measurements  were  controlled  by  an  ATN  NP5B 
computer-aided  noise  parameter  test  set  which  included  a  solid-state  source  impedance  tuner 
and  analysis  software.  The  calibration  procedure  measured  system  losses  and  the  reflection 
coefficients  of  the  system  components,  and  the  software  performed  vector  error  correction. 
Noise  figures  were  measured  at  16  different  impedance  states,  and  the  4  noise  parameters  NF^^, 
Rs,opt^  ^s.opt  Rn  were  determined  from  curve  fitting. 

The  devices  studied  had  nominal  emitter  areas  varying  from  3.2\xm  to  144  [xm^,  and  they 
were  characterized  by  both  d.c.  and  microwave  measurements.  The  d.c  current  gain  p  of  these 
devices  was  typically  between  110  and  140  over  all  current  ranges  used,  with  a  supply  voltage 
Vcc  of  lOV.  The  unity  gain-bandwidth  product  was  in  the  range  of  5  to  9GHz  over  a  typical 
operating  collector  current  range,  and  fj  measurements  followed  the  usual  variation  with  7^. 
The  collector-emitter  breakdown  voltages  BVceo  were  greater  than  14V.  These  transistors  were 
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designed  to  have  high  BVceo  -fr  products  in  excess  of  lOOV  •  GHz.  Note  that  as  fr  increases 
due  to  shorter  collector  lengths,  BVceo  decreases,  and  so  the  product  BVceo  •  /t  can  be  regarded 
as  a  useful  figure  of  merit  of  these  devices. 

Using  s-parameter  measurements,  we  determined  the  base  and  emitter  resistances  and  fr 
at  each  bias  current  value.  Other  parameter  values  for  modelling  were  determined  from  d.c  and 
high  frequency  measurements  using  the  TECAP  parameter  extraction  program. 


NOISE  MODEL,  RESULTS  AND  DISCUSSIONS 
The  small  signal  noise  equivalent  circuit  used  for  the  poly-emitter  bipolar  transistor  is  similar 
to  that  previously  described^’^,  and  is  shown  inFig.  1 .  While  this  equivalent  circuit  only  considers 
the  base  resistance  Rg  and  the  base-emitter  junction  capacitance  Cje  (it  neglects  other  device 
capacitances  and  parasitic  resistances),  and  the  current  gain  a  neglects  the  phase  shift  factor 
due  to  the  collector  region  delay  time,  we  have  found  that  it  provides  good  agreement  with 
measured  device  noise  characteristics  over  the  frequency  range  up  to  6  GHz,  and  over  a  wide 
Jc  range.  Using  this  model  and  appropriate  assumptions^*^,  the  following  expressions  for  the 
noise  parameters  are  derived. 


(/?5  +/?B  +  + 


[ar 


Rlorr  =  RB-Xton-  +  r,{2Rs  +  r,)l~^  +  GfC;,r 


.  rj  _  \RsY 


|al  rj  [/. 


where  •  f  1  -i-  f  7  »  A  =  (27n:B~\  A  =  (^.-kt^Cje)  \  r,  is  the  emitter  dynamic  resi 

V  y  / 


resistance 


defined  as  (k  •  Tlq  *  If),  and  ct^  is  the  low  frequency  value  of  a.  To  compare  calculations  using 
the  model  equations  listed  above  to  experiments,  all  parameter  values  were  determined  from 
either  high  frequency  measurements,  or  from  d.c.  measurements. 

Figure  2  shows  the  measured  minimum  noise  figure  A/F^in  and  die  associated  gain  for  a 

BJT  with  Ae  =  A%\xm^  at  a  collector  current  of  5mA,  which  is  typical  of  the  current  biases  used 
in  telecommunication  circuit  applications.  Also  shown  in  Fig.  2  is  the  computed  NF-^  using 
equation  (1),  and  as  shown,  the  calculated  and  experimental  results  are  in  good  agreement. 
Figure  3  compares  the  computed  to  measured  values  for  the  same  device,  as  a  function 
of  collector  current,  and  the  agreement  between  measured  and  calculated  values  is  good  at  both 
frequencies.  Also  shown  in  this  figure  is  the  gain  as  a  function  of  4. 
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e;  =  UTr,  ej  =  4^7  R, 

Figure  1 :  Simple  small-signal  T-equivalent  circuit 
for  the  poly-emitter  bipolar  transistor  used  in  the 
noise  calculations. 
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Figure  2:  NF-^  and  Gain  versus  Frequency.  The 
symbols  are  the  experimental  data  and  the  solid 
line  represents  the  calculated  NF^  values. 


Figure  3:  NF^  and  Gain  versus  Ic-  The  symbols 
are  the  experimental  data  and  the  solid  lines 
represent  the  calculated  hlF^  values. 


Coll.  Curr.  Density  (mAZ/xmO 
Figure  4:  NF^,  andf^  versus  J^.  The  symbols 
are  the  experimental  data  and  the  solid  lines 
represent  the  calculated  values. 


Figure  4  shows  the  variation  of  NF^  and  with  for  the  largest  device  of  area  \AA\xm^. 
Note  that  for  variations  in  of  more  than  2  decades,  good  agreement  between  model 
calculations  and  experimental  results  is  obtained,  The/7-’,s  are  also  shown  in  the  figure,  and  the 
approximate  relations  _^~2.7/r  and^~3.8/r  are  used  to  describe  their  base-emitter  voltage  bias 
dependence,  and  7?^  ~  (10  ±  1)(2  for  the  model  calculations. 

To  investigate  the  scaling  dependence  of  the  noise  parameters,  Fig.  5  shows  the  variation 
of  (NFvflN  -  1),  and  figure  6,  the  variation  of  Rs,opt^  and  Xs^opt  as  a  function  of  nominal 
emitter  area  and  at  a  collector  current  density  of  0. \6mA  In  Fig.  5,  the  {NF^^  -  1)  variation 

with^£  shows  an  almost  linear  dependence  on  a  log-log  plot  for  aU  devices  except  the  smallest 
one.  The  reason  for  the  deviation  for  this  device  is  because  pad  impedances  are  quite  important, 
and  their  contribution  to  the  noise  parameters  must  be  removed  since  they  result  in  an  apparent 


Emitter  Are*  Emitter  Area  (^mO 


Figure  5:  Variation  of  NFy^~  \  (as  a  number)  Figure  6:  Rs,opt  ^s,orr  variation  with 

with  Ae  at  a  Jc  <?/0. 16mA/|irw^  at  a  Jc  of0.l6mAI\m^. 

increase  in  the  device  NF^^.  This  conclusion  is  supported  by  the  Rs,opt  ^s.opt  <iata  in  Fig. 
6  which  shows  a  similar  deviation  for  the  3.2|Xm^  device.  In  table  1,  the  area  dependence  of 
these  parameters  is  listed  at  2  frequencies  of  1.5  and  3.1GHz.  For  {NF^-  1),  the  variation  of 
5  with  frequency  is  not  significant,  indicating  that  at  this  Rg  is  the  dominant  noise  source 
and  the  area  dependence  of  (NF^  -  1)  is  determined  mainly  by  the  Rb/Rs  variation  with  Ag. 
Since  Rg-^A^'^  from  measurements  of  several  devices  at  current  densities  typical  of  working 


devices,  and  Rs,opt~^^‘^  variation  shown  in  the  table  is  expected.  Similar  conclusions 

can  be  obtained  by  observing  the  emitter  area  dependence  of  other  noise  parameters  in  equations 
(2)  to  (4). 


Table  1:  Listing  of  the  area  dependence  6  in  A^ 


of  the  noise  parameters.  Only  the  4  largest  devices 


were  used  in  the  fitting,  and  the  noise  voltage  was  calculated  from  A/F^in  R$‘ 


CONCLUSION 

We  have  experimentally  investigated  in  detail  the  emitter  area,  collector  current  density  and 
frequency  dependence  of  four  important  noise  related  parameters  (NF^,  Rs,  Xs  and  /?^)  of 
poly-emitter  bipolar  junction  transistors  that  allow  for  accurate  noise  modelling.  We  obtained 
good  agreement  between  model  calculations  and  experiments  of  all  four  parameters  under  the 
various  operating  conditions  tested,  and  we  explicitly  gave  the  variation  of  these  parameters 
with  emitter  area  at  a  current  density  typical  of  the  working  current  in  the  devices. 
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ABSTRACT 

We  present  a  novel  Monte  Carlo  method  to  investigate  electronic  noise  at  different 
spatial  points  in  one-dimensional  semiconductor  structures  by  employing  voltage-noise 
operation.  This  method  provides  a  spatial  map  of  voltage  fluctuations  in  the  structures.  The 
results  obtained  for  n^nn^  structures  of  Si  and  GaAs  show  that  at  equilibrium  most  of  the 
low-frequency  noise  originates  from  the  n  region,  while  at  increasing  voltages  an  important 
contribution  comes  from  the  hot  electrons  which  penetrate  the  drain  region. 

INTRODUCTION 

When  trying  to  optimize  the  performances  of  electronic  devices,  the  analyses  of 
fluctuations  are  specially  interesting,  since  they  provide  specific  information  about  the 
transport  processes  which  control  their  performances.  This  is  particularly  important  when 
dealing  with  non-equilibrium  phenomena  in  submicron  structures.  In  this  paper  we  present 
an  original  Monte  Carlo  method  which  provides  a  spatial  analysis  of  voltage  fluctuations  in 
one-dimensional  semiconductor  structures.  To  this  end  voltage-noise  operation is 
employed,  which  means  that  constant  current  conditions  through  the  structure  are  imposed, 
and  the  spectral  density  of  voltage  fluctuations  of  the  open  circuit,  Sy{x^,  is  determined  as  a 
function  of  different  positions  x  inside  the  structure  as  measured  from  one  of  the  contacts. 
The  calculations  make  use  of  an  ensemble  Monte  Carlo  simulation  coupled  with  a  one¬ 
dimensional  Poisson  solver.  In  this  way  fluctuations  in  carrier  velocity  and  electric  field  are 
self-consistently  accounted  for,  and  no  approximations  related  to  the  statistical  properties  of 
the  microscopic  noise  sources  are  introduced,  as  usually  done  by  employing  more  traditional 
methods  such  as  the  impedance-field^  or  the  transfer-impedance'^. 

THEORETICAL  ANALYSIS 

The  theory  underlying  the  present  method  is  based  on  the  following.  In  a  one¬ 
dimensional  structure  of  length  L,  the  total  current,  I{t),  is  given  by^: 

l(l)  =  I^(l)-MrA±AV(L,l)  (1) 

L  at 

where  £q  is  the  free  space  permittivity,  8^  the  relative  static  dielectric  constant  of  the  material, 
A  the  cross-sectional  area,  AV{L,t)  the  instantaneous  voltage  drop  between  the  terminals,  and 
7^(0  the  conduction  current  defined  by: 
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4(0  =  -7^v,(0  (2) 

with  e  the  absolute  value  of  the  electron  charge,  Nj-  the  total  number  of  carriers  inside  the 
structure  (here  taken  constant  since  periodic  boundary  conditions  are  considered^),  and  v.(0 
the  instantaneous  velocity  along  the  field  direction  of  the  ith  particle. 

By  imposing  that  the  total  current  is  constant  in  time,  /(0=fo’  G)  we  obtain: 


4-AV‘(L,t) 

dt 


L 


[4(0-4] 


(3) 


where  the  superscript  I  is  to  recall  the  use  of  voltage-noise  operation.  From  this  expression 
the  instantaneous  voltage  drop  between  the  terminals  can  be  calculated  with  the  following 
procedure: 

(i)  Starting  from  the  stationary  operation  point  in  the  device  corresponding  to  Iq, 
[AV^(L,0)/o],  one  solves  the  Poisson  equation,  simulates  one  time-step  At  (typically  10  fs  for 
Si  and  2.5  fs  for  GaAs)  and  gets  the  conduction  current 

(ii)  Once  //Af)  is  evaluated,  Eq.  (3)  is  integrated  by  employing  a  finite  differences  scheme. 
The  new  instantaneous  voltage  drop  between  the  terminals,  AV\L,At\  is  thus  calculated  as: 


AV'(L,At)  =  AV'(L,0)  +  ^^U(At)- Io]At  (4) 

(iii)  With  the  new  value  AVXL,At)  one  solves  the  Poisson  equation  and  obtains  the  value  of 
the  voltage  drop  at  each  position  x  of  the  structure  as  measured  from  the  first  terminal 
AF/(jc,AO=V'(Jc,Ar)-y'(0,AO. 

(iv)  A  successive  time  step  is  then  simulated  to  obtain  the  new  value  of  4,  and  the  process  is 
iterated  by  repeating  from  point  (ii).  The  number  of  time  steps  simulated  must  be  enough  to 
get  a  sufficient  resolution  in  the  calculation  of  the  autocorrelation  function  of  voltage 
fluctuations,  Cy(jc,r)=5AV^(x,0)5AV^(x,0,  where  the  bar  indicates  time  average  and 
bAVXxd)=AV\x,t)-AV^lx) .  By  Fourier  transformation,  the  corresponding  spectral  density  as  a 
function  of  frequency,  Syixj),  is  obtained. 


RESULTS 


As  application  we  present  the  results  for  the  case  of  a  Si  n'^nn'^  structure  at  T=300  K 
with  A2+=10i’  cm'3,  cm-^  and  length  0.20-0.20-0.20  pm,  respectively.  The 

microscopic  model  is  the  same  of  Ref.  5.  The  time  evolution  of  the  autocorrelation  functions 
at  equilibrium  [Fig.  1(a)]  depends  on  the  contribution  to  the  voltage  fluctuations  which 
comes  from  each  region  in  the  structure  through  the  value  of  their  resistance  and  doping. 
Accordingly,  at  the  shortest  times  the  n'^  regions  introduce  an  oscillatory  behavior  associated 
with  the  plasma  time  that  is  suppressed  by  the  dielectric  relaxation  at  increasing  times  L  In 
the  n  region  the  evolution  is  mainly  determined  by  the  dielectric  relaxation  through  a 
contribution  which  decreases  exponentially  with  time.  Fig.  1(b)  shows  the  corresponding 
spectral  density,  where  the  different  influence  of  each  region  is  clearly  emphasized.  The  n 
region,  due  to  its  larger  resistance,  introduces  most  of  the  noise  at  low  frequencies.  When  the 
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frequency  is  higher,  its  contribution  decreases,  while  that  of  the  regions  increases, 
reaching  its  maximun  value  for  the  associated  plasma  frequency  (around  1300  GHz). 


Fig.  1.  (a)  Autocorrelation  function  of  voltage  fluctuations  as  a  function  of  time  and  position  and  (b) 
spectral  density  as  a  function  of  frequency  and  position  in  a  Si  n^^nn'^  structure  at  thermal  equilibrium 
with  T=300  K,  /2'^=10^^  cm'^,  /i=10^^  cm’^  and  length  0.20-0.20-0.20  gm,  respectively. 

Under  far-from-equilibrium  conditions  the  onset  of  hot-carriers  effects  in  the  structure 
produces  important  changes  in  the  behavior  of  voltage  fluctuations,  mainly  at  the  lowest 
frequencies.  Fig.  2  shows  the  spectral  density  of  voltage  fluctuations  for  an  average  voltage 
AV^(L)=0.4  V.  The  low-frequency  noise  increases  considerably  due  to  the  appearance  of  hot 
carriers,  leading  to  a  low  local  mobility  in  the  high-field  region  of  the  device.  This  effect 
persists  even  at  the  beginning  of  the  second  region,  and  makes  the  low-frequency  noise 
penetrate  this  zone.  This  penetration  of  the  noise  sources  into  the  drain  region  is  more 
pronounced  at  increasing  voltages,  as  it  is  shown  in  Fig.  3,  where  5'/x,0)  is  presented  for 
several  average  voltages. 


Fig.  2.  Spectral  density  of  voltage  fluctuations 
around  an  average  voltage  of  0.4  V  as  a  func¬ 
tion  of  frequency  and  position  in  the  same 
structure  of  Fig.  1. 


Fig.  3.  Low-frequency  value  of  the  spectral  den¬ 
sity  of  voltage  fluctuations  around  several 
average  voltages  as  a  function  of  position  in  the 
same  structure  of  Fig.  1 . 
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To  compare  the  behavior  of  the  voltage  spectral  density  between  Si  and  GaAs  devices 
we  have  made  the  calculations  for  the  case  of  a  GaAs  «+««+  structure  at  T=300  K  with 
n+=10i'7  cm-3,  n=\0^^  cm-3  and  length  0.15-0.25-0.50  pm,  respectively.  The  microscopic 
model  is  the  same  of  Ref.  6.  The  fluctuations  are  around  an  average  voltage  AV^(L)=0.4  V.  In 
this  material  the  peak  associated  to  the  plasma  frequency  of  the  «+  regions  appears  at  a 
higher  frequency  (around  3000  GHz),  as  corresponds  to  its  lower  effective  mass. 
Furthermore,  in  the  low-frequency  region  the  contribution  of  the  drain  is  even  more 
important  than  in  the  case  of  Si.  This  is  due  to  the  presence  in  this  region  of  carriers  in  the 
upper  satellite  valleys,  with  higher  effective  mass,  which  involves  a  deeper  penetration  of  hot 
carriers  into  the  drain  before  they  can  thermalize,  making  this  region  highly  resistive  and 
thus  an  important  source  of  noise. 


Fig.  4.  Spectral  density  of  voltage  fluctua¬ 
tions  for  an  average  voltage  of  0.4  V  as  a 
function  of  frequency  and  position  in  a  GaAs 
n^nn^  structure  with  T=300  K,  n+=10^^  cm'^, 
n=10’'^  cm'^  and  length  0.15-0.25-0.50  pm, 
respectively. 


CONCLUSIONS 

We  present  a  new  Monte  Carlo  technique  able  to  provide  a  spatial  analysis  of  voltage 
fluctuations  in  one-dimensional  n'^nn'^  semiconductor  structures.  When  applied  to  the  cases 
of  Si  and  GaAs  we  find  that,  in  addition  to  the  n  region,  the  drain  region  can  be  an  important 
source  of  noise  at  high  average  voltages,  due  to  the  onset  of  hot-carriers  effects. 
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ABSTRACT 

High  frequency  (350  to  750  GHz)  generation  in  submicron  InP  diodes  is  investigated 
by  modified  hydrodynamic  (MH)  and  Monte  Carlo  particle  (MCP)  techniques.  The  noise 
power  spectral  density  P^  in  the  diode  loaded  by  resistor  R  and  generation  spectra  Pg  in 
series  resonant  LR  circuit  are  calculated  by  MCP  technique.  It  is  shown  that  at  the  biases 
above  the  generation  threshold  the  P^  has  a  peak  at  the  frequency  fj^^^  which  corresponds 
to  the  highest  generation  frequency  at  the  given  R.  The  excess  noise  arise  in  the  frequency 
region  where  the  real  part  of  diode  impedance  has  negative  values.  The  Pg  broadening 
at  high  frequencies  is  the  result  of  interaction  between  the  self- oscillations  at  frequency 
fn^ax  and  LR  circuit  driven  oscillations. 

In  recent  years ,  the  chief  progress  in  increasing  the  operating  frequency  of  millimeter 
and  submillimeter  wave  systems  has  been  through  development  of  Transferred  Electron 
Devices  (TED).  A  recent  report  [1]  describes  an  InP  TED  operating  at  272  GHz  fre¬ 
quency.  High  frequency  generation  (HFG)  in  usual  TED  arises  due  to  the  Gunn  effect, 
which  utilizes  the  negative  differential  conductivity  (NDC)  of  the  steady-state 
velocity-field  characteristic  resulting  from  the  carrier  transfer  into  the  upper  valleys  with 
larger  effective  mass.  Generation  frequency  in  TED  depends  on  the  length  of  n-region. 
Shorter  length  of  n-region  results  in  higher  generation  frequencies.  On  the  other  hand, 
the  steady-state  NDC  in  shorter  diodes  becomes  weaker  and  disappears  at  near¬ 
micrometer  lengths  due  to  electron  injection  from  n^regions.  Therefore,  the  usual  Gunn 
effect  in  short  samples  is  impossible.  But  this  is  not  a  sufficient  reason  to  say  that  short 
diodes  can  not  be  used  for  the  microwave  generation.  Electrons  in  short  diodes  drift 
from  the  source  to  the  drain  contact  under  highly  nonstationary  conditions  [2].  Under 
such  conditions  a  high  frequency  generation  (HFG)  mechanism  different  from  the 
classical  Gunn  effect  can  arise  [3].  The  HFG  in  short  diodes  arises  due  to  heating  and 
transit  time  delay,  which  causes  the  velocity  overshoot  in  real  space.  In  this  paper  we 
present  the  results  of  HFG  investigation  in  submicron  InP  diodes  by  modified  hydro- 
dynamic  (MH)  [4]  and  Monte  Carlo  particle  (MCP)  techniques. 

In  our  simulation  the  parameters  of  n^n-n"^  InP  are  chosen  as  follows:  the  length 
of  n-region  is  0.25  jlm,  the  doping  concentration  in  n  and  n"^  regions  is  210^^  cm’^  and 
310^^  cm'^  respectively.  These  parameters  yield  highest  available  frequency  with 
reasonable  value  of  conversion  efficiency  at  the  lattice  temperature  T=300  K  [4]. 
Current- voltage  relation  calculated  by  MCP  technique  is  shown  in  Fig.l.  There  is  no 
region  with  static  NDC  on  this  current-voltage  relation.  However,  the  linear  analysis 
carried  out  by  MH  method  in  current  driven  regime  shows  the  presence  of  dynamic  NDC 
above  the  bias  Ud=l.l  V.  In  particular,  at  13^=3  V  (see  Fig.2)  the  NDC  (i.e,  negative 
values  of  real  part  of  impedance  (ReZ))  exists  in  the  frequency  range  from  350  GHz  to 
1050  GHz  with  maximum  value  3.610’^®  D  m^  at  frequency  520  GHz.  The  MCP  sim¬ 
ulation  in  LR  circuit  yields  the  conversion  efficiency  at  520  GHz  as  high  as  1.85  %  (see 
Fig.3  (dots)).  The  load  resistance  R  corresponding  to  maximum  efficiency  is  10'^^  D  m^, 
and  average  voltage  drop  on  the  diode  is  Ud=3  V.  The  MCP  (dots)  and  MH  (solid  line) 
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calculations  agree  qualitatively  with  each  other  (see  Fig.3).  The  same  agreement  is 
obtained  for  the  generation  power  dependence  on  frequency  (see  Fig.4  where  MCP  (dots) 
and  MH  (solid  line)  results  are  presented). 

The  diode  noise  power  spectral  densities  Pn  are  calculated  analyzing  voltage-voltage 
correlations  on  a  load  resistor  R.  The  noise  is  simulated  by  MCP  technique  in  the  diode 
loaded  by  R=10'^°  f2  m^.  The  P^  for  two  different  Uj  shown  in  Fig.5.  At  Ud=l  V  the  ReZ 
is  positive  in  the  entire  frequency  range.  Therefore,  the  P^  has  a  usual  Lorenzian  shape. 
The  high  frequency  noise  in  that  case  can  be  related  to  the  shot  noise  due  to  the  carrier 
flight  from  source  to  drain.  At  11^=3  V  the  noise  power  spectral  density  P^  has  a  maximum 
in  the  frequency  range  where  ReZ  is  negative  (compare  Figs.2  and  5).  This  is  due  to  the 
self-excitation  of  oscillations  in  the  circuit.  The  most  powerful  generation  arises  at  the 
frequency  where  the  condition  ReZ+R=0  is  satisfied.  To  check  this  assumption  the 
dependence  of  P^  on  the  length  of  n-region  is  calculated  at  0^=3  V.  Other  parameters  of 
the  structure  are  left  unchanged.  In  Fig.6  the  P^  are  shown  for  three  lengths  of  n-region. 
Same  for  the  ReZ  is  shown  in  Fig.7  (calculated  by  MH  technique).  The  comparison  of 
Fig.6  and  Fig,7  shows  that  the  frequency  of  Pq  maxima  coincide  well  with  upper  frequency 
limits  of  the  negative  ReZ.  The  negative  values  of  ReZ  increase  with  increasing  the 
length  of  n-region  (see  Fig.7).  As  a  consequence,  the  noise  power  increases  as  well  (see 
Fig.6).  Therefore,  the  Pq  peaks  occur  due  to  the  self-excitation  of  generation. 

The  generated  power  spectral  density  Pg(f)  in  LR  circuit  at  certain  values  of  L  is 
calculated  in  the  same  way  as  Pn(f).  The  parameters  of  structure  and  circuit  are  same  as 
for  the  power  and  efficiency  calculations  (Figs. 3  and  4).  The  calculations  are  performed 
for  three  values  of  L2=6  and  1^=4’ 10’^^  Hm^.  The  spectral  densities  Pg(f)  are 

presented  in  Fig.8  (MCP  calculations).  The  central  maxima  frequencies  of  Pg(f)  for  Lj, 
L2,  and  L3  are  fi=517,  f2=622,  and  f3=718  GHz,  respectively.  The  narrowest  peak  is  at 
frequency  f^.  At  f2  the  peak  is  wider.  Finally,  at  fg  we  have  three  well  defined  maxima 
approximately  of  the  same  order  in  magnitude.  Broadening  of  spectrum  at  frequency  f3 
is  a  result  of  interaction  between  the  self-oscillations  and  the  circuit  driven  oscillations. 
As  is  shown  by  the  simulation  in  LR  circuit  the  frequency  of  self- oscillations  (i.e.,  the 
frequency  of  Pn(f)  peak)  is  the  highest  generation  frequency  at  the  given  value  of  R 
(compare  Figs.4  and  5). 

On  the  basis  of  obtained  results  it  have  to  be  outlined  that  enhanced  noise  arises  in 
the  frequency  region  where  the  real  part  of  diode  impedance  is  negative.  Noise  power 
spectral  density  at  the  biases  above  the  generation  threshold  has  a  peak  at  frequency 
which  corresponds  to  the  microwave  power  generation  upper  frequency  limit  at  the  given 
value  of  load  resistance.  Broadening  of  microwave  power  generation  spectrum  at  high 
frequencies  is  the  result  of  interaction  between  the  self-oscillations  and  the  circuit  driven 
oscillations.  Practically  important  result  is  that  InP  submicron  diodes  can  be  used  as  the 
efficient  sources  of  microwave  power  generation  up  to  the  frequencies  of  about  750  GHz. 
The  diodes  with  cross ection  area  100  pm  ^  can  generate  microwave  power  100  mW  at 
500  GHz  and  20  mW  at  750  GHz. 
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Fig.l.  Current— voltage 
relation. 


Fig. 2.  Real  part  of  impe¬ 
dance  spectrum  at  U  =3  ’V 


Fig. 3.  Generation  efficien¬ 
cy  vs  frequency  at  U^=3  V. 


Fig. 4.  Generation  power 
vs  frequency  at  U,^3  V. 
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Fig. 5.  Noise  power  density  Fig. 6.  Noise  power  density 

spectra  at  V  (dashes)  spectra  at  U^=3  V  and  n- 

and  3  V  (solid  line).  region  lengths:  0.25  (so¬ 

lid),  0.4  (dots),  and  0.6 
(dashes)  micrometers. 
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Fig. 7.  Real  part  of  impe¬ 
dance  spectra.  Notation 
and  conditions  same  as 
in  Fig. 6. 


Fig. 8.  Generation  power 
density  spectra  at  fre¬ 
quencies:  1-517  GHz, 
2-622,  and  3-718. 
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ABSTRACT 

Temperature  dependence  of  Hooge’s  1/ /  noise  parameter  a  in  intrinsic  InGaAs 
was  measured  using  heterostructure.  It  was  estimated  as  3  x  10"^  exp(-T/150). 
The  bulges  in  the  noise  spectra  wjsre  attributed  to  the  generation-recombination 
noise  caused  by  the  DX  centers  in  the  doped  AlGaAs  layer  and  by  the  electron 
traps  in  the  intrinsic  InGaAs. 


INTRODUCTION 

In  1//  noise  spectra  of  the  current  in  GaAs  layer  of  HEMT  there  have  been 
observed  several  bulgesU  These  have  been  attributed  to  the  defects  in  GaAs 
bulk.  We  measured  the  temperature  dependence  of  the  drain  current  noise  of 
AlGaAs/ InGaAs  HEMT  in  order  to  determine  the  temperature  dependence  of 
Hooge’s  1//  noise  a  and  to  identify  the  origins  of  the  bulges  in  the  noise  spectra 
in  intrinsic  in  uridoped  InGaAs. 

MEASUREMENT 

The  sample,  AlGaAs/InGaAs  super  HEMT(Fujitsu),  has  a  MBE  grown  in¬ 
trinsic  InGaAs  layer  between  an  intrinsic  GaAs  buffer  layer  and  a  Si-doped  n- 
AlGaAs  layer.  The  doping  density  in  the  n-AlGaAs  layer  is  lO^^cm  The  gate 
length  is  0.i5/xm,  the  gate  width  is  200^m,  and  the  gate  is  0.5^m  apart  from  each 
of  the  drain  and  the  source  electrodes.  The  electron  mobility  is  4000cm^/V-s  at 
290K  and  12000cm^/V-s  at  77K,  respectively. 

The  sample  was  biased  at  Vqs  =  0  and  VUs  =  2V,  and  the  noise  spectra  of  the 
drain  current  were  measured  for  the  frequency  from  0.05Hz  to  lOOkHz  between 
77K  and  290K. 


RESULTS  AND  DISCUSSIONS 

Figure  1  shows  the  temperature  dependence  of  the  spectrum  Si{f)  of  the 
drain  current  noise.  The  HEMT  under  measurement  was  operating  at  the  drain 
voltage  of  Uds  =  2V,  the  gate  voltage  of  Vqs  =  OV.  The  drain  current  was 
18.2mA  at  290K  and  14.6mA  at  77K,  respectively.  The  levels  of  5i  and  the  relative 
fluctuation  Si/P  decrease  slowly  with  the  rise  of  temperature. 
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Figure  2  shows  the  temperature  dependence  of  the  frequency- weighted  spec¬ 
trum  /5i(/).  There  are  three  separate  bulges  observed  on  the  spectra,  one  is  at 
300Hz  at  77K,  another  is  at  70kHz  at  288K,  and  the  other  is  at  2Hz  at  288K.  The 
bulge  at  300K  at  77K  shifts  to  the  right  with  the  rise  of  temperature,  with  losing 
its  height.  The  bulge  at  70kHz  at  288K  emerges  on  the  left  at  159K,  also  shifts  to 
the  right  with  the  rise  of  temperature.  The  height  of  the  bulge  reaches  its  peak 
about  220K.  The  smallest  bulge  at  2Hz  at  288K  emerges  on  the  left  at  260K  and 
shifts  to  the  right. 

Figure  3  shows  Arrhenius  plots  of  the  center  frequencies  of  the  three  bulges. 
The  activation  energy  for  each  bulge  is  0.005eV  for  the  higher  frequency  bulge 
(/i),  0.3eV  for  the  middle  frequency  bulge  (/2),  and  0.52eV  for  the  lower  frequency 
bulge  (/a).  The  activation  energy  0.3eV  corresponds  to  the  electron  emission  of 
the  deep  level  (DX  centers)  in  AlGaAs,  and  0.53eV  to  the  electron  traps  in  InGaAs 

(Ino.isGao.ssAs)^. 

Hooge’s  Q  is  estimated  by  using  the  total  carrier  number  N  of  10^,  which  is 
20%  of  the  product  of  the  doping  density  in  the  AlGaAs  layer  and  the 

volume  5  x  10®  (200//wide,  1.15/im  long,  and  20nm  thick)  of  the  AlGaAs  layer 
between  the  gate  and  the  drain  electrodes.  This  value  of  the  total  carrier  number 
is  a  rough  estimation  of  the  electrons  under  the  gate  electrode  where  the  current 
density  is  higher  than  any  other  portion  in  the  sample. 

Figure  4  shows  the  temperature  dependence  of  Hooge’s  a.  It  is  of  the  order 
of  10"^,  and  slightly  decreases  with  the  rise  of  temperature.  The  hump  at  about 
180K  is  the  effect  of  the  bulge  at  /2,  and  the  rise  at  280K  is  the  effect  of  the 
bulge  at  /i.  The  solid  line  is  a  rough  estimation  of  the  temperature  dependence 
of  Hooge’s  a  when  the  effects  of  the  bulges  are  compensated.  This  solid  line  is 
expressed  by  the  relation 


a  =  3x  10"^exp(-r/150). 


(1) 


CONCLUSIONS 

Hooge’s  a  in  intrinsic  InGaAs  is  about  10“^  and  slowly  decreases  with  ris¬ 
ing  temperature.  Electron  traps  in  InGaAs  are  responsible  to  the  generation- 
recombination  noise  which  causes  remarkable  bulges  in  the  1  //  spectrum. 
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5  Arrhenius  plots  of  the  center  peak  frequencies  of  the  three  bulges 
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ABSTRACT 

The  1/f  noise  is  investigated  in  n-  and  p-channel  MOSFET's/SIMOX  in  linear  anc 
saturation  regions  of  operation,  prior  and  after  y  irradiation  (up  to  10  Mrad).  Low-frequenc) 
(10  Hz  -  100  kHz)  noise  investigations  are  correlated  to  static  and  dynamic  evaluations  ol 
radiation  induced  defects.  It  is  found  that  in  n-chaimels  the  excess  of  1/f  noise  induced  by 
irradiation  correlates  with  the  oxide  trapped  charge.  An  underlying  not  simple  correlation  is 
observed  for  p-channel  devices  since  the  dominant  degradation  is  interface  state  creation. 
Sidewall  damage  is  found  to  be  responsible  for  the  most  important  increase  in  the  normalized 
noise,  for  n-channels,  in  the  saturation  region  of  operation. 

INTRODUCTION 

Noise  measurements  are  very  useful  to  obtain  complementary  data  and  a  deeper 
insight  into  the  physical  mechanisms  responsible  for  MOSFET  degradation  after  irradiation. 
Because  the  radiation  induced  degradation  is  very  complex  and  strongly  depends  on  device 
bias  and  geometry,  an  accurate  investigation  can  be  made  only  by  correlating  multiple 
characterization  techniques.  In  this  work,  we  compare  low-frequency  (10  Hz  -  100  kHz)  noise 
measurements  with:  (i)  static  characterizations,  (ii)  charge  pumping  evaluations,  and  (iii) 
Zerbst-t>pe  analysis  of  drain  current  transients,  in  order  to  investigate  the  effects  of  y- 
irradiation  on  MOS/SIMOX  transistors. 


SAMPLES 

The  experimental  devices  were  n-  and  p-long  channel  (L=15pm)  enhancement 
MOSFET's.  The  SIMOX  wafers  were  synthesized  by  200  keV  multiple  oxygen  implants  into 
Si  at  600°C  followed  by  annealing  at  1300°C.  Two  structures  of  MOSFET's  were  used: 
edgeless  (W=70pm)  and  edged  (W=  170pm).  The  thicknesses  of  the  gate  oxide,  buried  oxide 
and  Si  film  were  23,  380  and  150  nm,  respectively.  The  transistors  have  been  irradiated  up  to 
1,  3  and  10  Mrad  with  a  calibrated  ^®Co  source  at  room  temperature.  During  irradiation 
biases  close  to  usual  working  were  applied:  Ids=50  pA  (corresponding  to  lVQf-Vjfl=250  mV), 
Vqj3=-4V  for  n-channel  and  Vqi,=+4V,  for  p-channel,  edged  devices,  and  Vq=Vs=0V, 
Vof=+4V,VGb  =-4V  for  n-channel  and  VGr-4V,  Vob  =+4V  for  p-channel,  edgeless  devices  (f, 
b  =  front,  back  interfaces,  D=drain,  S=source,  G=gate,  Vj=threshold  voltage).  The  substrate 
doping  level  for  all  transistors  was  1x10^^  cm'^. 
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STATIC  CPIARACTERIZATION,  CHARGE  PUMPING 
AND  ZERBST-TYPE  TRANSIENTS 


Static  characterization  has  been  performed  in  order  to  evaluate  the  variations  of  the 
threshold  voltage  and  carrier  mobility  with  y  radiation  dose.  All  parameters  were  extracted 
with  the  opposite  interface  in  accumulation  in  order  to  avoid  interface  coupling  effects.  A 
"rebound"  in  the  threshold  voltage  was  observed  after  IMrad  dose  for  n-channel  devices  and  it 
was  considered  as  a  consequence  of  interface  states  creation  (acceptor-like  in  n-channels).  No 
rebound  was  observed  for  p-channel  transistors.  The  interface  states  were  extracted  from 
charge  pumping  experiments,  thus  eliminating  all  errors  due  to  potential  fluctuations  when 
using  weak-inversion  slope  method.The  oxide  trap  charge  was  calculated  using: 

AN^Jcm-^]  =  +  2  Op  ANij[eV-^cm-2]-  AV^^/q  (1) 


where  "+"  is  for  n-channels  and  is  for  p-channels.  Field  effect  mobilities  were  deduced 
from  the  maximum  of  the  transconductance  curves.  It  was  found  that  mobility  degradation 
correlates  with  the  density  of  interface  states,  Fig.l.  In  Fig. 2  are  presented  the  deduced  oxide 
trapped  charge  and  interface  states  densities.  Due  to  the  positive  bias  of  the  front  gate,  the 
creation  of  both  interface  states  and  oxide  traped  charge  appears  to  be  important  in  n-channel 
devices.  Dominant  interface  state  creation  was  observed  for  front  p-channels  where  the 
negative  gate  bias  reduces  the  oxide  charge  trapping,  a  balance  between  trapping  of  holes  and 
electrons  being  also  possible.  An  original  point  was  to  use  Zerbst-type  drain  current  transients 
in  order  to  extract  the  generation  lifetime  (which  is  a  measure  of  crystal  and  edge  defects)  and 
the  surface  generation  velocity  (related  to  interface  states).  More  than  one  order  of  magnitude 
degradation  of  generation  lifetime  (from  13  ps,  prior  to  irradiation,  to  0.4  ps  after  lOMrad, 
for  edged  devices)  is  observed  which  indicates  the  creation  of  deep  centers  in  Si  film  and 
important  defects  on  the  edges.  Surface  generation  velocity  was  increased  by  about  two  orders 
of  magnitude,  corresponding  to  the  interface  state  density  increase. 


Dose(Mrad) 


Fig.  1  Front  (f)  and  back  (b)  effective 
mobilities  versus  radiation  dose  ( "N", 
"P"=n-,  p-channel,  "L"=linear  (edged) 
device  geometry). 


Fig.2  Defect  densities,  AN^^,  AN^^^, 
versus  y  radiation  dose. 
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NOISE  INVESTIGATIONS 

1/f  noise  measurements  were  performed  both  in  the  linear  and  the  saturation  regions 
of  transistor  operation  (Figs.  3  and  4),  using  a  digital  spectrum  analyser.  The  investigated 
frequency  range  was  10  Hz  to  100  kHz.  In  order  to  remove  the  dependence  of  the  noise  on 
gate  and  drain  biasing,  the  following  normalized  noise  powert^  is  deduced  from  the  drain 
voltage  or  current  noise  power  spectral  densities  (Syj^  or  Sj^); 

in  the  linear  region:  K,i„  =  S  vd  [(Vq  -  Vy)  /  Vd]^  f  T  (2) 

and  in  the  saturation  region; 

Ksa.  =  S,r/lD^  L/LefrVDsa.'/2  {In  [(qVD,„/2nkT)  +!]}■>  fY  (3) 

where  Vq,  Vq  are  the  gate  and  drain  biases,  threshold  voltage,  f  is 

the  frequency,  y  is  a  positive  exponent  (~1),  L^g-is  the  effective  channel  length,  and  n=(CQ^  + 
Cg  +  C^j)/Cqj.;  Cg  and  C^j  being  the  oxide,  interface  state  and  depletion  capacitances.  For 
the  measured  devices,  we  observed  y  in  the  range  0.825  -  1.05.  It  is  worth  noting  that  y  is 
increased  after  irradiation.  Prior  to  irradiation,  a  1/f  dependence  is  observed  in  the  range  10 
Hz  -  300  Hz  in  linear  operation,  and  10  Hz  -  2  kHz  in  saturation.  The  normalized  noise  is 
found  to  be  smaller  in  p-channel  devices. 

After  irradiation,  all  investigations  were  performed  by  adjusting  the  gate  voltage  in 
order  to  keep  the  value  constant.  Our  results.  Figs.  5  and  6,  shows  that  the  1/f  noise  of 

n-MOSFET'^  is  less  affected  by  irradiation  than  that  of  p-MOSFET's,  and  correlates 
classically^^  vvith  the  trapped  oxide  charge,  N^^  rather  than  with  interface  charge,  Nj^.  The 
higher  1/f  noi.«:e  increase  in  saturation,  for  n-MOSFET's,  is  related  to  the  contribution  of  edges 
where  an  important  amount  of  oxide  trapped  charge  was  revealed  by  static  characterization. 
Indeed,  due  to  the  change  of  the  channel  conductance  of  the  main  transistor  in  saturation,  the 
noise  contribution  of  the  edge  transistors  becomes  important.The  case  of  p-channel  transistors 
is  more  complex,  even  if  radiation-induced  interface  states  are  dominant  for  negative  gate 
biases.  Their  normalized  noise  is  substantially  increased  but  data  shows  that  a  simple  linear 
correlation  with  interface  states  is  not  suitable.  Moreover,  it  is  difficult  to  know  exactly  the 
influence  of  the  balance  between  possible  both  hole  and  electron  trapping.  However,  there  is  a 
non-negligible  contribution  of  interface  states  for  the  p-channel  noise.  Fig. 6  shows  the  noise 
power  density  for  p-channels,  prior  and  after  10  Mrad  radiation  dose. 


Fig. 3  Power  spectral  density,  Fig.4  Power  spectral  density,  Sy^, 

of  an  unirradiated  n-channel  MOSFET.  of  an  unirradiated  p-channel  MOSFET. 
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Fig.  5  Normalized  noise,  K,  as  a  function  of  total  dose  for  n-  and  p-channel  devices. 
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Fig.  6  Power  spectral  density  for  a  p-channel  MOSFET,  in  linear  (Vj^5=60mV)  and 
saturation  (Vos=0.4V)  operation,  before  and  after  10  Mrad  radiation  dose. 


CONCLUSION 

1/f  noise  investigations  shows  that  in  n-channel  enhancement-mode  MOSFET’s,  the 
noise  increase  is  mainly  due  to  oxide  charge  trapping.  The  role  of  interface  states  cannot  be 
excluded  even  if  their  faster  time  constants  make  their  influence  less  likely.  In  p-channel  there 
is  an  underlying,  not  yet  understood,  relation  between  noise  and  interface  states.  The  device 
bias  and  geometry  (edge  eontribution)  were  found  important  for  radiation  degradation  process. 
For  positive  gate  bias,  the  role  of  edge  defects  becomes  important  in  terms  of  saturation  noise. 
However,  due  to  the  rather  reduced  1/f  noise  increase  after  irradiation  it  appears  that  SIMOX 
is  a  very  good  candidate  for  radiation-hardened  technologies. 
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THE  1/f  NOISE  IN  GaAs  FIELD-EFFECT  TRANSISTORS 
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ABSTRACT 

The  1/f  noise  has  been  measured  in  the  channels  of  CaAs  FETs  biased  in  the 
ohmic  regime.  The  devices  have  been  studied  using  many  different  techniques  so 
that  there  is  a  good  understanding  of  their  trap  and  defect  properties  and  their 
d.c.  operation.  The  significant  results  are  that  the  1/f  noise  is  extremely  variable 
between  specimens  and  with  temperature.  There  is  evidence  that  traps  with  a 
comparable  time  constant  within  the  device  are  related  in  some  way  to  the  l/f 
noise. 


INTRODUCTION 

The  resistance  fluctuation,  1/f  noise,  found  in  many  materials  and  electronic 
devices  is  still  not  well  understood  and  there  are  considerable  differences  between 
the  results  of  different  experiments.  The  experiments  reported  here  are  on 
well  characterised  samples  with  many  variables  so  that  the  analysis  can  allow 
for  several  possible  effects.  The  noise  in  compound  semiconductors  is  large 
compared  with  that  in  silicon  or  metals  since  there  can  be  more  defects  and 
the  surface  is  not  well  passivated.  In  particular  the  presence  of  deep  levels 
produces  generation-recombination  (g-r)  noise  which  must  be  allowed  for  in 
any  1/f  noise  measurement.  The  results  reported  here  were  made  on  samples 
which  have  been  extremely  well  characterised  in  the  ohmic  channel  bias  regime 
(UjdS’  <<  Vp).  The  device  d.c.  operation  has  been  characterised,  including  the 
substrate-channel  interface.  Many  different  experiments  have  been  performed  to 
understand  the  properties,  densities  and  locations  of  the  numerous  traps.  The 
experiments  include  the  analysis  of  the  noise  and  the  separation  of  the  1/f  and  g-r 
noise  contributions,  mutual  conductance  dispersion,  channel  conductance  deep 
level  transient  spectroscopy  (DLTS)  with  various  excitations  and  modifications 
and  substrate  current  oscillations^ 

EXPERIMENT 

The  samples  w^ere  commercial  designs  made  from  an  epitaxial  layer  of  CaAs 
on  a  Cr  do|)ed  HB  semi-insulting  siibstrate  with  an  undoped  buffer-layer.  The 
device  is  on  a  mesa  and  the  gate  length  is  ~  0.8  jim.  long.  A  significant  feature 
is  that  there  are  significant  access  regions  of  ungated  channel  between  the  gate 
and  source  or  drain.  Their  resistance  does  not  vary  with  gate  voltage  and  the 
surface  is  not  perfectly  passivated  so  that  this  device  component  may  add  to  any 
apparent  contact  noise. 

Ail  measurements  have  been  made  in  the  ohmic  regime  in  the  temperature 
range  77-420  K.  The  noise  measurements  were  conventional,  between  1  Hz  and  25 
kHz,  and  analysed  by  fitting  to  a  sum  of  1/f  noise,  white  noise  and  one  or  more 
Lorentzian  g-r  spectra.  The  location,  densities,  cross-sections  and  activation 
energies  of  the  traps  found  b}^  the  noise  agree  with  the  other  measurements  and 
we  concentrate  here  on  the  1/f  noise  results.  Although  the  spectra  at  first  sight 
appear  to  be  dominated  by  the  1/f  noise  it  is  found  essential  to  separate  the  many 
g-r  components  to  obtain  informative  data. 
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RESULTS 


The  significant  feature  of  the  results  is  the  variability  of  the  1/f  noise  between 
specimens.  The  relative  concentrations  of  deep  levels  also  varies  considerably. 
This  variability  of  both  noise  components  is  within  batches  as  well  as  between 
batches  with  different  processing  conditions  where  changes  might  be  expected. 
An  example  is  shown  in  figure  1. 

In  these  samples  the  channel  carrier  mobility  is  approximately  temperature 
independent  and  at  a  very  low  value  because  of  the  large  carrier  density  and 
impurity  scattering.  For  this  reason  it  is  not  possible  with  any  accuracy  to  use  the 
temperature  dependence  of  the  noise  to  consider  the  relative  applicability  of  the 

various  bulk  models  such  as  those  due  to  Hooge  in  its  original  form,  or 

S  /  \^  a 

in  its  modified  form  =  (  —  )  .  Here  Sr/B?  is  the  normalised  spectral 

B?  XfiiJ  Nf 

density,  N  is  the  total  number  of  carriers  in  the  sample  and  and  ///  are  the 
total  mobility  and  the  lattice  mobility.  The  constant  a  is  normally  taken  as  2 
X  10~^.  For  samples  from  both  batches  the  noise  shows  a  rapid  increase  with 
increasing  temperature  at  the  higher  temperatures  as  found  by  others®.  At  low 
temperatures  the  noise  varies  greatly  between  specimens.  Values  of  a  using  the 
original  equation  are  in  the  range  3  to  50  x  10"^. 

In  these  ohmic  samples  a  valuable  method  of  analysis  is  to  consider  the 
slope  of  the  log  (Sr/R^)  —  log  R  curve  since  this  will  vary  between  +  2  and  -  2 
in  uniform  samples  depending  on  the  location  and  type  of  the  noise^.  A  change 
of  slope  may  be  expected  at  the  point  where  the  resistances  of  the  gated  and 
ungated  sections  of  the  channel  are  equal. 

Two  examples  of  this  variation  are  shown  normalised  to  the  values  at  Vg  —  0 
in  Figure  2.  These  are  taken  at  temperatures  when  there  is  also  a  g-r  peak  present 
from  a  known  trap.  The  dependence  for  that  noise  is  also  shown.  It  can  be  seen 
that  this  variation  is  very  temperature  dependent  and  has  a  different  form  for 
different  traps. 

In  general  there  seems  to  be  no  simple  pattern  to  the  values  of  the  slopes. 
This  is  to  be  expected  since  the  other  measurements  suggest  that  most  of  the 
traps  are  in  the  substrate  and  hence  have  a  very  complex  behaviour  which 
appears  as  if  they  were  inhomogeneously  distributed.  The  significant  feature 
is  that  the  variation  in  many  cases  is  very  similar  between  the  1/f  noise  and 
the  g-r  noise  as  it  is  for  trap  NH3  in  Figure  2(a).  This  suggests  that  the  traps 
contribute  to  both  the  g-r  and  1/f  noise  in  the  same  manner  as  the  bias  is  varied. 
This  could  be  possible  if  the  g-r  noise  was  produced  by  traps  in  a  uniform  region 
of  the  sample  but  the  1/f  noise  derived  from  a  region  where  the  g-r  characteristic 
times  are  distributed. 
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Fig.  2. 

The  plots  of  log  (noise)  against  log  (resistance)  normalised  to  the  values  at 

(H  for  1/f  noise  Q  for  g-r  noise.  The  vertical  broken  line  indicates  the 
value  where  Rch -i- Rs)-  The  open  symbols  represent  the  values  for 
Vg  =  0  and  14ub  =  —  lOV.  Lines  are  shown  at  various  slopes. 

(a)  at  T  ~  220  K  near  trap  NH3,  slopes  1,  2,  4. 

(b)  at  T  =  150  K  near  trap  NH4,  slopes  -1,  1,  2. 
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ABSTRACT 

The  excess  noise  of  low  noise  silicon  bipolar  transistors  has  been  measured 
with  base  current  and  temperature  as  variables.  A  generation-recombination 
component  has  been  found  with  an  activation  energy  of  0.087  eV.  The  intensity 
of  this  noise,  and  that  of  the  1/f  noise,  varies  roughly  as  the  fourth  power  of  the 
non-ideal  base  current. 


INTRODUCTION 

Although  the  excess  noise  in  silicon  bipolar  transistors  has  been  extensively 
studied  there  are  still  many  unresolved  problems.  These  include  the  location 
and  mechanism  of  the  1/f  noise  and  most  aspects  of  burst  noise.  We  report 
here  measurements  of  the  1/f  and  generation-recombination  noise  observed  in  a 
bipolar  transistor  and  relate  it  to  the  model  for  the  device  operation.  Generation- 
recombination  (g~r)  noise  has  not  often  been  reported  in  silicon  bipolar  devices. 

EXPERIMENT 

The  devices  studied  were  commercial  NPN  transistors  type  BC109.  The 
experiments  were  carried  out  in  the  temperature  range  77-340  K  over  a  wide 
range  of  bias.  The  d.c.  characteristics  were  measured  in  both  the  normal  bias 
configuration  {Vc  >  Vb  >  Ve)  ^nd  the  inverted  configuration  (Vc  <  Vb  <  Ve). 
The  Gummel  plots  were  fitted  in  the  conventional  manner  with  good  consistency. 
The  base  current  was  fitted  to  the  sum  of  ideal  (/^)  and  non-ideal  (J^) 
components 


Ib  —  I'b  +  ^B  —  ^BO  ^  +  ^BO  (1) 

The  non-ideallity  factor  n  was  about  1.7  but  tended  to  decrease  as  the 
temperature  was  raised  and  was  higher  in  the  normal  configuration  than  the 
inverted  bias  arrangement.  The  gain  was  several  hundred.  The  ideal  current 
takes  part  in  the  transistor  action  while  the  non-ideal  component  is  due  to 
generation  in  the  base-emitter  junction.  The  temperature  coefficient  of  the  non¬ 
ideal  component  gave  an  activation  energy  of  about  0.6  eV. 

The  collector  current  noise  measurements  were  conventional  with  a  collector  load 
Rc  and  were  analysed  assuming  that  the  noise  was  the  sum  of  1/f,  g-r  and  white 
components. 


5v'  =  Rh  5/  =  - 


Bn 


1  +  0)2 


+  D 


(2) 


so  that  the  parameters  A,  B  r,  and  D  were  obtained.  Under  most  conditions 
D  was  not  large  and  could  usually  be  neglected  while  B  was  very  small  except 
for  the  specimen  described  here.  This  small  g-r  component  can  be  overlooked 
unless  the  analysis  is  made  in  great  detaiP .  In  this  specimen  the  g-r  noise  was 
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detectable  but  not  dominant.  From  the  time  trace  there  was  no  sign  of  burst 
noise.  The  d.c.  characteristics  of  this  specimen  were  typical. 

RESULTS 

The  1/f  noise  was  analysed  in  several  ways.  The  most  significant  feature  was 
that  the  1/f  noise  intensity  A  varied  approximately  as  and  at 

all  temperatures.  This  is  unexpected  since  detailed  investigations  on  similar 
specimens^  showed  a  clear  dependence  and  this  has  been  found  on  other 

devices^ 

The  g-r  noise  was  also  analysed  in  several  ways.  The  characteristic  time 
(r)  of  the  process  had  an  activation  energy  of  86.9  meV  measured  at  constant 
current  and  making  an  Arrhenius  plot  of  /n(rT^)  against  1/T.  This  energy  was 
found  over  a  range  of  currents.  The  value  of  r  varied  accurately  as  1/^s  at  each 
temperature.  There  does  not  seem  to  be  a  simple  explanation  for  this  behaviour. 
The  value  of  the  activation  energy  is  larger  than  that  of  likely  common  donors 
and  too  small  for  deep  levels. 

The  intensity  of  the  g-r  noise  (B  r)  was  found  to  vary  as  and  (Iq)'  '  • 

This  variation  could  again  suggest  that  it  is  not  related  to  the  non-ideal  base 
current  but  could  be  related  to  the  total  base  current  or  the  collector  current. 
The  latter  is  not  likely  because  r  varies  with  Is  when  the  collector  voltage  is 
kept  constant. 
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Fig.  1 

Typical  data  fitted  to  the  function  of  Sy  where  Sy  is  given  by  equation  (2).  Tl: 
broken  line  is  the  data  and  the  solid  line  the  curve  fit". 


The  1/f  noise  intensitv  against  total  base  current. 
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ABSTRACT 

1/f  Noise  experiments  are  performed  for  npn  GaAs/AlGaAs  HBT's  as 
a  function  of  forward  bias  at  room  temperature.  The  experimental  data 
are  discussed  with  the  help  of  new  expressions  for  the  1/f  noise  where 
the  influence  of  internal  series  resistances  has  been  taken  into  ac¬ 
count.  At  low  forward  currents  the  1/f  noise  is  determined  by  spon¬ 
taneous  fluctuations  in  the  base  and  collector  currents,  where  the 
collector  current  noise  exceeds  the  base  current  noise.  At  higher 
forward  currents  the  series  resistances  and  their  1/f  noise  become 
important . 


INTRODUCTION 

It  is  well  known  that  the  1/f  noise  in  GaAs  HBT's  and  FET's  can 
limit  the  bandwidth  and  stability  of  circuit  operation  at  high  speed. 
Heterojunction  bipolar  transistors  (HBT's)  featuring  very  low  1/f  noise 
are  of  considerable  interest  for  high  frequency  applications. 

Until  now  only  a  few  papers  have  been  published  on  1/f  noise  in 
HBT's  and  their  results  do  not  agree.  Moreover ,  the  experimental  data 
are  often  analyzed  with  the  help  of  inaccurate  expressions  for  the 
1/f  noise  in  bipolar  transistors. 

In  this  paper  we  describe  1/f  noise  studies  of  npn  GaAs/AlGaAs 
HBT's.  The  transistors  are  made  by  GEC-Marconi.  They  have  a  single 
2.5  X  5  ym^  emitter  with  2  bases  and  1  collector,  the  cut-off  fre¬ 
quency  is  30  GHz.  The  internal  series  resistances  of  the  emitter, 
base  and  collector  are  roughly  40  80  Q  and  30  fi,  respectively.  The 

experimental  noise  results  are  discussed  in  terms  of  new  expressions 
for  the  1/f  noise,  including  series  resistances  effects.  The  magni¬ 
tude  of  the  1/f  noise  sources  in  our  transistors  is  compared  with  1/f 
noise  data  in  the  literature. 

EXPERIMENTAL  RESULTS 

Noise  measurements  were  made  putting  the  HBT  in  a  circuit  as 
shown  in  Fig.  1.  The  internal  series  resistances  are  given  by  r^,  r^, 

r  ,  the  external  resistances  by  R^,  R„,  R^.  In  order  to  locate  and  to 

C  Hi  D  L. 

identify  the  1/f  noise  sources,  measurements  have  been  carried  out 

for  both  the  common-collector  (CC)  (R„  >>  3/g  » 

Hi  me  D  u 
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common- emitter  (CE)  configuration  (R_  >>  p/g  ,  R„  =  0,  ^  1  kQ) . 

The  noise  measurements  were  performed  in  the  current  ranges  1  pA  < 

I  <  100  pA  and  1  pA  <  <  1  mA.  In  all  devices  1/f  noise  was  ob- 

D  U 

served.  Mostly  the  1/f  noise  was  observed  over  at  least  three  decades 
of  frequency,  generally  in  the  range  of  1  Hz  up  to  10  ;kHz. 

From  the  I-V  characteristics  of  the  collector  and  base  current 
versus  at  =  3  V,  the  ideality  factor  for  was  found  to  be 

oP  UD  U 

1.3  and  for  Ig  it  was  2.0.  At  high  forward  currents  deviations  of  the 
exponential  behaviour  were  found  due  to  r  and  r,  .  The  current  gain 

0.  A  ®  ^ 

j3  was  found  to  be  proportional  to  with  |3  ^  1  .at  I  =  1  pA. 


Fig.  1.  General  circuit  for 
1/f  noise  measurements 


In  Fig.  2  typical  1/f  noise  plots  are  presented  of  SYg»  and 

Svj,  versus  the  collector  current  I^.  The  spectral  density  Sy^  is 

measured  in  the  CC-conf iguration,  the  other  two  densities,  Sy„  and 

12  ^ 

Sy^,  in  the  CE-conf iguration.  According  to  Kleinpenning  ’  the  fol¬ 
lowing  expressions  have  to  be  used 

Sv./R"  %  +  St  (2) 


(1  +  pr  /r  )"Si, 


Here  and  are  the  1/f  current  noise  densities  in  the  base  and 

collector  currents,  and  and  S-,-  the  1/f  resistance  noise  in  r, 
and  rg. 

Interpreting  the  experimental  data  of  Fig.  2  in  terms  of  Eqs. 
(l)-(3)  leads  to  the  following  results: 

-  At  I  =  1  pA,  where  3  %  1,  we  have  Sj  %  Sj,  %  5  x  10  A^/Hz  at 

L>  CD 

f  ==  1  Hz. 

-  At  I^  =  10  pA,  where  3  ^  4,  we  have  Sj  1.6  x  10  A^/Hz  and 

^  -1  q  ^ 

Sjg  Ax  10  AVHz  at  f  =  1  Hz. 

-  Above  Ic  uA  we  observe  a  change  in  the  current  dependences 

of  both  Sy^  and  Sy^.  The  change  with  respect  to  Sy^  can  be  as¬ 
cribed  to  the  fact  that  in  Eq.  (3)  the  term  /r  becomes  dominant. 

e  TT 
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I 


Fig.  2.  Typical  plots  of  the 
1/f  noise  versus  collector 
current.  For  definitions  see 
Eqs.  (l)-(3). 


The  change  in  the  slope  of  Sy^  versus  can  be  ascribed  to  the  1/f 

noise  in  the  series  resistances. 

In  view  of  the  above  we  conclude  that  at  lower  currents,  i.e. 

1  ]iA  <  I  <  100  yA  and  I  <  25  yA,  the  1/f  noise  density  Svt.  is 
^  a  ^  Ojne  '^E 

practically  determined  by  S- 


find  Si^  -v 


I  and  the  density  Sy^/r^  by  St.  .  We  then 
1.4  .  „  "^1.5  ®  ^ 


and  Sj 


b  Ib 


The  steep  increase  at  higher 


cur¬ 


rents  is  due  to  the  noise  in  the  series  resistances  (for  Sy^)  and 

due  to  the  feedback  of  the  emitter  series  resistance  (for  Sy  ). 
Therefore  in  Fig.  3  we  have  plotted  our  results  of  Sy^  versus 

together  with  some  data  in  the  literature  of  Sj  versus  I  .  In  Fig.  4 

c  C 

we  have  plotted  Sy^/r^  versus  1^  and  for  comparison  some  literature 

data  of  Sj^  versus  1^.  Comparison  of  our  data  with  data  from  the 

literature  shows  a  corresponding  magnitude  of  the  1/f  noise.  There 
is  only  a  difference  in  contributions  from  the  parasitic  series 
resistances  at  higher  currents. 
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At  lower  forward  currents  the  1/f  noise  is  determined  by  spon¬ 
taneous  fluctuations  in  both  the  collector  and  the  base  current, with 

St  %  I  and  St  At  higher  forward  currents  the  parasitic 

-^b  B  -‘-c  C 

series  resistances  play  an  important  role.  These  resistances  influ¬ 
ence  the  noise  of  a  transistor  in  a  biasing  circuit  due  to  feedback 
effects  and  they  have  1/f  resistance  fluctuations.  Comparison  of  our 
data  with  the  data  from  the  literature  shows  a  corresponding  mag¬ 
nitude  of  the  1/f  noise  both  in  the  base  and  in  the  collector  current. 
There  is  only  a  difference  in  contributions  from  the  series  resis¬ 
tances  . 
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CHARACTERISATION  OF  MODFET's  WITH  1/f  NOISE 


H.  A.  W.  Markus  and  T.  G.  M.  Kleinpenning 
Eindhoven  University  of  Technology,  Eindhoven,  The  Netherlands 

ABSTRACT 

We  present  the  results  of  a  comparative  1/f  noise  study  on  experimental 
MODFET's  of  two  fabrication  processes.  The  two  processes  differ  in  the  way  the  gate 
is  etched.  The  first  process  uses  etching  fluids,  the  second  plasma  etching.  The  last 
process  may  lead  to  considerable  damage  in  the  semiconductor  layer  under  the  gate. 
We  measured  both  the  1/f  noise  in  the  gate  source  voltage  and  in  the  drain  source 
voltage.  We  compared  the  results  of  both  processes  with  the  results  of  commercial 
available  transistors.  We  found  that  the  1/f  noise  in  the  gate  source  voltage  is  increased 
clearly  by  the  damages  caused  by  the  plasma  etching,  whereas  the  1/f  noise  in  the  drain 
source  voltage  shows  no  apparent  difference  between  the  two  production  processes 

Subsequently  we  present  some  methods  to  determine  the  series  resistance  and  the 
threshold  voltage  of  MODFET's  with  the  help  of  1/f  noise  measurements. 

INTRODUCTION 

There  are  two  processes  to  etch  the  gate  area  of  a  MODFET.  In  this  paper  we 
pi  esent  noise  results  obtained  from  MODFET's  made  by  different  technologies.  In  one 
process  the  gate  area  is  etched  using  etching  fluids.  In  the  other  process  this  is  done  by 
plasma  etching.  In  the  latter  process  the  high  energy  of  the  ions  in  the  plasma  may  lead 
to  considerable  damage  in  the  semiconductor  layer  directly  under  the  etched  area. 

i/f  Noise  can  increase  significantly  when  the  crystalline  structure  of  a  device  is 
damaged.  Therefore  we  can  use  1/f  noise  measurements  to  characterise  the 
MODFET's  made  with  the  two  production  processes.  Differences  in  the  1/f  noise 
performance  can  be  caused  by  the  production  processes.  These  processes  can  influence 
the  quality  of  the  crystalline  structure  of  the  MODFET's  and  so  the  1/f  noise. 

EXPERIMENTAL  RESULTS 

The  experimental  MODFET's  are  made  by  IMEC  and  have  gate  lengths  of  0.3  pm 
and  0.7  pm.  The  commercial  transistors  are  made  by  Fujitsu  and  have  a  gate  length  of 
0  25  pm.  We  measured  both  the  Iq-Vq  characteristics  and  the  noise  in  the  gate  source 
voltage  of  the  Schottky  barrier  under  forward  bias.  At  high  currents  the  Schottky 
barrier  dominates  the  conduction,  but  at  low  currents  we  found  deviations  which  can 
be  interpreted  in  terms  of  a  leakage  resistance  parallel  to  the  barrier.  For  the  total  current 
we  can  write: 


lG=Io[exp(qVo/r|kT)-l]  +  Vo/Rp 

Here  Iq  denotes  the  saturation  current,  ri  the  ideality  factor  and  Rp  the  parallel 


(1) 
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resistance.  For  all  MODFET's  we  found  the  1/f  noise  in  the  gate  current  to  be 
proportional  to  in  the  region  where  the  conduction  is  dominated  by  the  barrier.  The 
experimentally  obtained  values  for  in  this  region  are  1.6 -10“^  for  the 

Fujitsu  FHX31,  9.0- 10“^  Hz“^  and  1.1- 10”^  Hz“^  for  the  fluid  etched  experimental 

IMEC  transistors,  and  5.0- 10”^  Hz~^  and  5.0-10"^  Hz“^  for  the  plasma  etched 
experimental  IMEC  transistors. 

At  low  gate  currents,  where  the  parallel  leakage  resistance  dominates  the 
conduction,  we  found  a  significantly  higher  1/f  noise  in  the  IMEC  transistors  with  0.3 
pm  gate  length.  In  this  current  region  we  found  also  to  be  proportional  to  I^  . 

Here  we  calculate  the  current  noise  stemming  from  such  a  parallel  ohmic  leakage 
and  of  the  barrier  Sr  _  as  a  function  of  the  total  gate  source  current.  We  have  to 
consider  two  current  regions.  For  sufficiently  low  currents,  where  dV/dl »  Rp  and 
VA  »  Rp,  the  current  through  Rp  dominates  the  total  current  and  therefore  we  find 
with  Hooge's  relation^  S^^p  qc  I^p  as  I^ .  For  high  currents  where  dV/dl «  Rp  and 
VA  «  Rp,  the  barrier  current  dominates  the  total  current  and  therefore  we  can  make 


the  approximations: 
S 


'iRp  ^Rp  “ 


V 


T]kT 

qRp 


In 


i)f  ««.))■ 


and 


Sibar  ^B.AR  I' 


(2) 


We  ascribe  the  higher  1/f  noise  level  at  low  currents  in  the  IMEC  transistors  with  a 
gate  length  of  0.3  pm  to  a  strongly  fluctuating  parallel  resistance.  However  at  high 
currents  we  found  to  be  proportional  to  I^.  So  at  high  currents  we 

conclude  that  the  Schottky  barrier  dominates  Sj^ . 

We  measured  both  the  Ios"^ds  characteristics  with  different  gate  voltages  and  the 
noise  in  the  drain  source  voltage  of  the  channel  in  the  ohmic  region.  We  found  the 
noise  in  the  drain  source  voltage  to  be  proportional  to  l^g .  With  Hooge's  relation^ 

~  we  can  calculate  For  the  channel  we  found  a^n  values  of 

5  ■  10“^  for  both  the  Fujitsu  FHX35  and  the  Fujitsu  FHC3 1 .  For  the  plasma  etched 
transistors  we  found  a^n  values  of  10“^  and  2  ■  10“^,  and  for  the  fluid  etched 
transistors  2- 10“^  and  5-10“^  respectively. 

CHARACTERISATION  METHODS 


Peransin  et  al.^  proposed  a  method  for  determining  the  physical  location  of  the 
dominant  1/f  noise  source  in  MODFET's  by  considering  the  relative  1/f  noise  in  the 

drain  current  Sj^A^  as  a  function  of  the  effective  gate  voltage.  For  the  same  purpose 
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we  present  a  more  convenient  method  considering  Sv^g/Io 


/In  as  a  function  of  the 


effective  gate  voltage.  We  have 


/In=S. 


where  represents  the  1/f  noise  in  the  channel  resistance  and  the  1/f  noise  in 
the  series  resistance.  The  total  resistance  between  source  and  drain  is 
+  Rg .  For  the  1/f  noise  we  use  Hooge's  relation^,  hence 

^  acHRcH  ^  «CHqi_tRcH  Sr  =  ^  OC  (■ 

fNe„  fL'ci  fNs 


where  is  the  number  of  carriers  in  the  channel,  Hooge's  parameter  for  the 
channel,  Lq  the  gate  length,  p  the  mobility,  the  number  of  carriers  in  the  series 
resistance,  Hooge's  parameter  for  the  series  resistance  and  the  effective  gate 
voltage,  Vq  =  Vqs  ~  Vr  with  Vy  the  threshold  voltage.  In  the  / 1^  versus  plot 

there  are  two  regions.  In  the  region  with  slope  -3  the  channel  determines  the  noise,  in 
the  region  with  slope  0,  the  noise  stems  from  the  series  resistance.  An  example  is  given 
in  Fi".  1. 


Fig.  1.  Sy^^/I^)  at  1  Hz  versus 
the  effective  gate  voltage  of 
an  IMEC  MODFET 
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From  the  I-V  curves  of  the  transistors  we  only  could  make  a  rough  estimation  of 
the  values  of  the  series  resistance  and  the  threshold  voltage  V  j ,  due  to  the  parasitic 
MESFET  and  the  gate  forward  current  at  high  positive  V^jg.  Here  we  present  a 
convenient  method  for  extracting  these  values  from  the  1/f  spectra  measured  at  low 
drain  bias.  Assuming  the  noise  stems  from  the  channel,  we  find  with  Eqs.  (3,4): 


acnqE/^E( 


H.  Markus  and  T.  Kleinpenning  251 

By  plotting  versus  we  obtain  the  series  resistance  from  the 

intersection  at  ^  0 .  An  example  is  given  in  Fig.  2.  From  the  slope  of  the 

plot  we  calculate  the  parameter  a^n- 


-2 


•^tot  Vqs  (mV) 

Fig.  2.  Plot  for  determination  of  Fig.  3.  Plot  for  determination  of  Vj 

Fujitsu  FHX3 1  Fujitsu  FHX3 1 


According  to  Eqs.  (3,4)  the  plot  of  versus  the  applied  gate  source 

voltage  Vos  linear  and  the  intersection  at  0  gives  the  threshold 

voltage  V  p.  An  example  of  this  plot  is  given  in  Fig.  3. 

CONCLUSIONS 

The  1/f  noise  in  the  gate  source  voltage  is  clearly  increased  by  the  damages  caused 
by  the  plasma  etching,  whereas  the  1/f  noise  in  the  drain  source  voltage  shows  no 
apparent  difference  between  the  two  production  processes.  All  experimental 
transistors  show  far  more  1/f  noise  in  the  gate  source  voltage  and  in  the  drain  source 
voltage  then  the  commercial  available  transistors. 

In  cases,  where  the  method  for  determination  of  the  physical  location  of  the 
dominant  1/f  noise  source  proposed  by  J.  Peransin  et  al.^  doesn't  provide  clear 
answers,  the  new  method  presented  here  ends  in  better  interpretable  results. 

The  values  of  R^  and  V-j-  obtained  from  the  methods  presented  in  this  paper  are 
consistent  with  the  values  estimated  from  the  I-V  curves. 
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COHERENCE  OE  1/f  VOLTAGE  FLUCTUATIONS  AT  GATE  AND  DRAIN  IN  MODFET'S 

Theo  Kleinpenning ,  Philippe  Herve  and  Bas  Vermeulen 
Eindhoven  University  of  Technology,  Dept.  EE,  P.O.  Box  513, 
Eindhoven,  The  Netherlands 

ABSTRACT 

The  gate  and  drain  voltage  fluctuations  and  their  coherence  have 
been  investigated  on  MODFET's  (HEMT's).  New  expressions  are  presented 
for  the  coherence.  These  expressions  are  compared  with  experimental 
results.  A  fair  agreement  has  been  found  between  theory  and  experi¬ 
ment. 


INTRODUCTION 

1,  ^ 

Recently,  Vandamme  et  al.  reported  on  the  coherence  yj  of  1/f 
fluctuations  in  the  gate  and  drain  current  in  MESFET's  and  MODFET's. 

j  /S  .S  with  0  <  <  1  (1) 

^  -^G  D  -^G  D 

Here  is  the  cross-power  spectrum  of  gate-  and  drain-current 

fluctuations.  Some  investigated  devices  showed  an  absence  of  coher¬ 
ence,  i.e.  below  the  detection  limit  of  0.01.  Other  devices  showed 
a  coherence  as  high  as  0.55.  Vandamme  etal.  interpreted  their  results 
with  the  help  of  a  fluctuating  ohmic  leakage  conductance  between 
gate  electrode  and  channel.  They  considered  several  types  of  leakage 
paths.  The  calculated  coherence  depends  on  the  type  of  leakage  path. 
Without  leakage  conductance  there  should  be  no  coherence. 

In  this  paper  we  present  calculations  of  the  coherence  of  ideal 
MODFET's  and  MESFET's  biased  in  the  ohmic  region.  There  is  only  a 
Schottky  barrier  in  between  gate  and  channel,  there  are  no  leakage 
paths.  For  such  devices  we  found  non-negligible  values  for  the  coher¬ 
ence.  Our  calculated  results  are  compared  with  experimental  results. 

CALCULATIONS  OF  THE  COHERENCE  FOR  OPEN  CIRCUIT  AND  SHORT  CIRCUIT 

Consider  a  FET  in  the  ohmic  region  with  a  homogeneous  channel,  a 
homogeneous  distributed  gate  current  (thus  V^^^  <  kT/q)  and  I^  <<  Ij^. 


V^»kT/q 


x=0  - ►  X  x=L 


Fig.  1.  Diagram  of  the  MODFET  (MESFET) 
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For  the  fluctuations  in  the  gate  current  we  have 

^  ”  0^^  Aig(x)dx  +  [dig(x)/dVg(x)]AVg(x)dx  (2) 

ind. 

where  AI  is  the  spontaneous  fluctuation  and  AI^  the  induced  one. 
b  G 

Vg(x)  =  Vg(x)  -  V(x)  is  the  voltage  across  the  Schottky  barrier  at 

spot  X,  and  ig(x)  the  gate  current  per  unit  length.  For  a  homogene¬ 
ous  situation  we  have  di  (x)/dV^(x)  =  dCl„/L)/dV„  -  1/(LZ„). 

g  b  b  D  b 

The  fluctuations  in  the  channel  current  AI(x)  are  given  by 

Al(x)  =  (I/a)Aa*(x)  +  (l/a)Aa^^^(x)  +  AaAE(x)  (3) 

with  Aa*  the  spontaneous  fluctuations  in  the  conductivity,  Aa^^^(x)= 
(da/dVg)AVg(x)  the  induced  fluctuations,  and  AE(x)  the  electric  field 
fluctuations.  For  the  fluctuations  AI(x)  we  can  also  write 

AI(x)=iIjj+  Mg(y)dy  =  Ai|(y)dy  +  j^  AVg(y)dy  (4) 

B 

where  AIq  is  the  fluctuation  in  the  drain  current.  With  the  help  of 

Eqs.  (2-4)  the  coherence  can  be  calculated  for  a  FET  operating  in 

the  strong  inversion  region  where  a  ^  =  V*  >  0.  Here  is 

G  i  G  T 

the  threshold  voltage.  Then  we  obtain  da/dV„  =  da/dV*  =  a/V*.  Fur- 

D  G  G 

thermore,  we  make  the  approximation 

'^G^h  %  h'h  %  ^  I 

which  implies  that  the  Schottky  barrier  is  forward-biased  (Vg  >  0). 

The  open-circuit  gate-  and  drain-voltage  1/f  fluctuations  can  be 

calculated  with  the  help  of  Eqs.  (2-4)  and  taking  AI  =  AI  =  0.  We 

D  Lj 

obtain  with  Eqs.  (3)  and  (4) 

G  (5) 

with  p  =  1/a  and  Vgg  =  IpL/A.  From  Eq.  (2)  we  find 

Q/^AVg(x)dx  =  -  LZg  Q/^Ai*(x)dx  =  -  LZgAI*  (6) 

Combining  Eqs.  (5)  and  (6)  yields 

1  (l/A)gf'"Ap*(x)dx  +  (VpgZg/V*)AI*  (7) 

The  fluctuations  in  are  given  by 
GS 

AVgs  =  ^  Q/^rAVg(x)  + AV(x)]dx  =  -  ZgAig  +o/^(^l  -  jjAE(x)dx  (8) 
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T1i6  last  intsgral  in  Eq.  (8)  consists  of  two  contributions .  According 
to  Eqs.  (5)  and  (7)  the  first  contribution  is  given  by 

and  the  second  one  is  lower  than  factor 

(1  -  x/L)  <  1.  Since  <<  V*  the  second  contribution  can  be  neglec¬ 
ted  with  respect  to  the  term  Z^AI^  in  Eq.  (8).  Hence  we  have  the 
approximation 


For  the  open-circuit  gate-  and  drain-voltage  1/f  noise  we  then  obtain 
with  Eqs.  (7)  and  (10)  and  AR*  =  jAp*(x)dx/A 


S 


^DS^GS 
^DS  ^GS 


2s 

(11) 

2  2 

(12) 

(13) 

Here  yy  is  the  coherence  between  gate-  and  drain-voltage  l/f  noise, 
StS  the  spontaneous  noise  in  the  gate  current  and  S  *  the  spontane- 
±G 

ous  noise  of  the  channel  resistance. 

EXPERIMENTAL  RESULTS 

We  have  performed  coherence  measurements  on  MODFET's  from 
Fujitsu  at  300  K.  The  measurements  were  carried  out  at  low  frequen¬ 
cies  and  with  open-circuit  gate  and  drain.  At  frequencies  below 
1  kHz  the  l/f  noise  prevails  both  at  the  gate  and  at  the  drain.  We 
have  measured  as  a  function  of  According  to  Eq.  (13)  we 


-  v2/Vg]2 


"  [1  +  vyvg2][(l/3)v2g  +  V2] 


|V_  -  2VyV'^\ 

^  _DS _ o — Gj 

7V 


G  I 


2 

ch  G 


The  approximation  made  in  Eq.  (14)  is  justified  for 
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For  the  MODFET  (type  FHX05LG)  at  f  =  1  Hz  we  found  experimentally 
- 12 

Z^St*  ^  10  V^/Hz  to  be  almost  independent  of  the  gate  current 
B  -^G  _i  i 

hence  V  ^ N^,  V^*2.  The  coherence  measurements  were 

o  -K  -  ch  G 

carried  out  at  V*  ^  1  V  and  with  <  kT/q.  The  relative  channel 
G  l>d  -10-1 

resistance  noise  at  f  =  1  Hz  is  found  to  be  ^  10  Hz  ,  hence 

V  ^  0.1  V.  For  <<  2V^/V*  we  calculate  K  .1  to  be  V  /V*  ^  0.1. 
o  DS  o  G  '  V  ’  o  tr 

In  Fig.  2  we  have  plotted  both  the  calculated  and  the  experimental 

results  of  |y,J  versus  of  the  MODFET  with  =  12  mV. 

V  Uo  O  '7 


We  have  also  measured  Yy  as  a  function  of  (<  kT/q)  of  two 
MODFET 's  of  type  FHX35LG.  Here  we  found  =  0.3  V  at  Vg  =  0.7V  and 

thus  2V^/V*  =  0.26V.  For  both  devices  we  found  experimentally  Yy^  0.1 
o  G  v 

and  theoretically  Y^r  ^  V  /V*  ^  0.4. 

V  O  Lj 

In  Fig.  2  there  is  a  fair  agreement  between  theory  and  experi¬ 
ment.  However,  for  the  FHX35LG's  we  find  a  rather  low  value  for  Yy^P* 
This  can  be  caused  by  imperfections  in  the  MODFET,  For  example, 
if  the  1/f  noise  in  Vj^g  is  determined  by  the  internal  series  resis¬ 
tances,  then  Eq.  (13)  does  not  apply.  Fluctuating  leakage  conductan¬ 
ces  between  gate  and  channel,  as  observed  by  Vandamme  et  al.^,  make 
Eq.  (13)  also  invalid.  Nevertheless,  it  is  obvious  that  ideal  devices 
have  non-negligible  coherences. 
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ABSTRACT 

A  Metal-Insulator-Metal  (M-I-M)  system,  which  is  realized  in  capacitors,  may  be  a  source 
of  current  fluctuations  provided  that  the  voltage  applied  to  this  system  is  a  slowly  varying  function 
of  the  time.  We  studied  such  a  system  using  a  ramp  voltage  with  a  slope  ranging  from  1  to  100 
V/s,  At  higher  electric  fields  the  interface  between  the  metal  and  the  insulator  makes  up  a  source 
of  fluctuations.  In  the  time  domain  these  fluctuations  are  realized  by  current  pulses  with  random 
amplitude  and  random  time  gap  between  the  consecutive  pulses.  The  charge  transferred  is  random, 
too,  its  value  reaching  as  much  as  10  pC,  At  a  constant  applied  DC  voltage  the  pulse  occurrence 
is  very  low.  Therefore,  we  carried  out  our  measurements  with  the  slowly  varying  DC  voltage  only. 
The  average  impulse  rate  was  found  to  be  directly  proportional  to  the  slope  of  this  ramp  voltage. 


INTRODUCTION 

In  this  paper  we  deal  with  current  impulse  noise  that  is  generated  in  polyethylene 
terephtalate  capacitors  under  the  conditions  of  a  ramp  voltage  applied  across  it. 

The  capacitors  under  study  feature  the  following  values:  capacity  15  nF;  nominal  voltage 
630  V;  the  dielectric  thickness  15  micrometers;  the  relative  permittivity  =  3,3;  the  loss  factor 
tg6  =  0,02  at  a  frequency  of  1  MHz;  the  breakdown  electric  strength  amounts  to  580  MV/m. 
Furthermore,  capacitors  whose  capacity  was  10  nF  and  nominal  voltage  1000  V  were  studied,  too. 

The  capacitors  were  studied  in  a  circuit  which  consisted  of  a  series  load  resistor  whose 
value  was  of  the  order  of  1  kO.  Thus  produced  RC  network  was  joined  to  the  ramp  voltage  supply 
whose  ramp  slope  was  adjustable. 

The  impulse  noise  voltage  across  the  load  resistor  was  amplified  by  a  low-noise  amplifier 
and  subsequently  fed  into  the  analyzer  whose  output  was  displayed  by  a  recorder.  In  this  way,  the 
time  dependence  of  the  noise  voltage,  the  influence  of  the  applied  voltage  magnitude  and  ramp 
rate  on  the  noise  and  the  average  impulse  rate  were  depicted. 


1.  TIME  AND  VOLTAGE  DEPENDENCIES  OF  THE  IMPULSE  NOISE 

When  a  sufficiently  high  DC  voltage  is  applied  an  impulse  current  noise  is  produced  in 
the  circuit.  The  impulse  noise  voltage  across  the  load  resistor  to  be  analyzed  is  directly 
proportional  this  current. 
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If  the  applied  DC  voltage  is  constant  then  the  number  of  the  voltage  impulses  is  very  low. 
The  time  separation  between  the  adjacent  impulses  is  determined  by  the  electrical  conductivity  of 
the  dielectric  and  may  range  between  to  10^  s.  The  impulse  rate  can  be  substantially  increased 
when  a  ramp  voltage  is  used. 

The  shape  of  the  impulse  can  be  observed  on 
the  screen  of  a  memory  oscilloscope.  A  typical  impulse 
is  shown  in  Fig.l.  The  measured  time  dependence 
corresponds  to  the  discharging  of  a  capacitor  C  through 
a  load  resistor  Rj^.  It  depends  on  the  time  constant  x 
=  RlC  and  the  amplifier  bandwidth.  Theoretical 
analysis  of  the  impulse  shape  is  given^ 

The  current  impulse  amplitude  is  random.  Its 
magnitude  corresponds  to  fluctuations  of  the  capacitor 
charge  which  amounts  much  as  10  pC.  The  amplitude 
distribution  function  has  been  studied  .  It  has  been 
found  that  the  distribution  function  is  exponential.  In  the  mentioned  paper  a  statistical  analysis  of 
the  time  between  to  neighbouring  impulses  is  carried  out  and  it  has  been  found  out  that  the 
distribution  function  of  this  quantity  is  exponential,  too. 

Let  us  suppose  that  the  time  constant  of  the  noise  voltage  amplifier  is  sufficiently  high. 
When  we  apply  a  ramp  voltage  we  get  a  diagram  of  the  noise  voltage  across  the  load  resistor 
versus  the  instantaneous  value  of  the  ramp  voltage.  The  results  are  represented  in  Fig.2.  Here  Uj^q 
is  the  background  noise  voltage  of  the  measurement  setup,  is  the  threshold  voltage  of  the 
current  impulse  generation. 
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Figure  2  The  noise  voltage  vs.  the  DC  voltage 
plot  (the  first  voltage  application) 


Figure  3  The  noise  voltage  vs.  the  DC  voltage 
plot  (the  second  voltage  application) 


The  noise  voltage  Uj^  is  directly  proportional  to  the  amplitude  and  the  average  frequency 
of  the  current  impulses.  This  suggests  that  one  can  take  these  two  quantities  as  quality  indicators 
of  the  capacitor  under  study. 

When  now  the  DC  voltage  is  decreased  we  get  a  noise  voltage  which  is  shown  in  Fig.3, 
curve  2.  When  the  ramp  voltage  is  applied  again  then  the  threshold  voltage  is  approximately 
doubled. 
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2.  THE  DEPENDENCE  OF  THE  AVERAGE  IMPULSE  RATE  ON  THE  DC  CAPACITOR 

VOLTAGE 


In  the  experiment  we  studied  the  dependence  of  the  average  impulse  rate  on  the  ramp 
voltage  slope  v.  The  result  is  shown  in  Fig.4.  It  is  seen  that  the  average  impulse  rate  is  directly 
proportional  to  the  ramp  voltage  slope. 


Figure  4  The  average  impulse  rate  versus  the  Figure  5  The  average  impulse  rate  versus  the 
ramp  voltage  slope  plot  DC  voltage  plot 


Furthermore,  we  studied  the  dependence  of  f^  on  the  voltage  across  the  capacitor  at  a 
given  ramp  slope  v.  This  is  shown  in  Fig.5,  where  is  the  threshold  voltage  at  which  the  current 
impulses  begin  to  appear. 

We  distinguish  three  regions: 

a)  U  <  Uj  no  current  noise  region 

b)  <  U  <  transition  region  in  which  the  average  impulse  rate  f^  increases  with  growing 
DC  voltage, 

c)  U  >  Uq  saturation  region,  where  f^  is  practically  constant. 

The  boundaries  between  the  particular  regions  depend  on  the  state  in  which  the  specimen 
was  before  the  measurement.  If  the  first  measurement  is  carried  out  with  the  ramp  voltage  growing 
from  zero  to  a  voltage  U  >  U^,  (Fig.5,  curve  a),  then  the  average  impulse  rate  reaches  a  certain 
4nT  second  measurement  the  threshold  voltage  is  approximately  doubled  (Fig.5.,  curve 

b).  The  average  impulse  rate  is  the  same  in  the  both  cases. 


3.  DISCUSSION 

A  qualitative  explanation  of  the  obtained  results  is  based  on  the  assumption  that  the 
impulse  noise  is  generated  by  partial  discharges  in  cavities  between  the  electrode  and  the  insulating 
layer.  A  strong  electric  field  in  the  cavity  brings  about  a  discharge  as  a  consequence  of  the  gas 
ionization. 

The  discharge  transfers  a  charge  on  the  surface  of  the  cavity,  which  makes  the  electric 
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filed  intensity  in  the  cavity  decrease.  The  threshold  voltage  of  the  impulse  generation  depends  on 
the  cavity  width  and  the  gas  ionization  potential.  Application  of  the  Paschen’s  law  to  the  air  gives 
the  threshold  voltage  U^  =  300  V  at  the  cavity  width  of  10  micrometers  and  a  pressure  of  10^  Pa. 
The  values  of  the  threshold  voltage  that  we  have  found  experimentally  ranged  from  100  V  to  1000 
V  for  various  samples. 

If  the  applied  voltage  U  >  is  constant  the  time  separation  of  the  pulses  is  very  large 
reaching  as  much  as  10°  s. 

On  the  other  hand,  if  a  ramp  voltage  is  used  the  partial  discharges  are  generated  in 
various  cavities  which  have  different  threshold  voltages.  The  average  impulse  rate  is  then  directly 
proportional  to  the  ramp  slope. 

Partial  discharges  in  a  M-I-M  structure  cause  charging  of  the  surface  dielectric  layer.  As 
the  electrical  conductivity  of  the  dielectric  is  usually  very  low,  the  electrical  neutrality  is  set  within 
10^  to  lO'^  s. 

Subsequent  decreasing  the  DC  voltage  across  the  capacitor  results  in  discharge  generation 
between  the  cavity  surface  and  the  metallic  electrode.  The  amplitude  of  the  impulses  is  reversed 
with  respect  to  that  of  the  DC  voltage  growth.  The  surface  of  the  dielectric  is  not  discharged 
entirely,  so  that  when  a  growing  DC  voltage  is  applied  for  the  second  time  the  discharge  takes 
place  at  a  voltage  that  is  higher  than  in  the  first  capacitor  charging  process. 


4.  CONCLUSION 

Application  of  an  electric  field  to  the  M-I-M  system  brings  about  random  current  impulses, 
from  the  statistical  characteristics  of  which  information  on  their  nature  may  be  yielded.  These 
partial  discharges  result  in  electrical  corrosion  of  the  dielectric  and  make  a  source  of  the  electrical 
degradation  of  the  capacitors. 
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ABSTRACT 

The  methodology  of  investigations  enabling  the  classification  of  power 
bipolar  transistors  into  groups,  depend  on  their  expected  quality,  based  on  their  1/f 
noise  is  presented,  (t  has  been  proposed  to  divide  the  low  frequency  noise 
generated  by  power  transistors  into  a  natural  (essentia!)  and  a  redundant  noise. 
Transistors  generating  both  a  natural  and  a  redundant  noise  are  mismanufactured. 
The  analysis  of  natural  sources  of  noise  and  importance  of  a  choice  of 
measurement  noise  conditions  were  presented. 

PROBLEM  STATEMANT 

The  current  interest  In  links  between  low  frequency  noise  of  semiconductors 
devices  and  their  quality  (reliability)  is  reflected  in  a  number  of  papers  published  up 
to  the  present.  In  this  paper  the  methodology  enabling  the  prediction  (individually) 
of  a  quality  of  power  transistors  is  proposed.  It  means  that  power  transistors  are 
classified  into  groups  dependently  on  their  expected  quality  (high,  good,  low,  poor) 
immediately  after  manufacturing.  Transistors  are  classified  on  the  basis  of  a 
intensity  of  low  frequency  noise  (noise  parameter  X).  To  apply  this  methodology  it 
is  required  to  carry  out: 

*  a  preliminary  study  of  noise  in  low  frequency  range, 

*  an  experimantal  verification. 

Taking  into  account  a  quality  of  power  transistor  prediction  as  the  aim  it  is 
proposed  to  devide  the  low  frequency  noise  generated  by  power  transistors  into  a 
natural  (essential)  noise  and  a  redundant  noise.  The  natural  noise  is  connected  with 
phenomena,  which  are  involved  with  a  process  of  acting  of  power  transistors.  This 
part  of  low  frequency  noise  can  be  minimized  by  improving  materials  or  technology. 
The  essential  noise  exists  always  in  power  transistors,  of  course  in  whole  lot  of 
electronic  components,  and  a  mean  essential  noise  can  be  evaluated  by  statistical 
methods.  The  redundant  noise  of  power  transistors  is  caused  by  imperfections  of 
materials  or/and  of  technology,  therefore  it  is  due  to  defects,  which  are  produced 
during  manufacturing.  This  part  of  noise  does  not  exist  if  transistor  is  indeed 
manufactured  in  conformity  with  a  technology. 

Having  made  this  partition,  one  can  consider  that  if  a  power  transistor  generates 
only  an  essential  noise  it  is  a  high  quality  one.  Transistors  generating  both  an 
essential  and  redundant  noise  in  low  frequency  range  are  probably  mis¬ 
manufactured. 

The  proposed  preliminary  study  for  a  power  transistors  should  consists  of: 

*  an  analysis  of  a  natural  noise, 

*  an  analysis  of  links  between  typical  defects  and  redundant  noise, 

*  a  choice  of  a  noise  parameter  X  for  a  quality  prediction, 
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*  a  proposal  of  a  classification  algorithm  which  enables  to  classify  transistors 
(individually)  into  the  quality  groups. 

(n  the  paper  only  the  analysis  of  natural  sources  of  noise  and  an  importance  of  a 
choice  of  measurement  noise  conditions  (frequency  f,  source  resistance  Rg,  dc 
current  Ig,  IJ  of  bipolar  transistors  were  presented.  Also  a  proposal  of  the  clas¬ 
sification  ’algorithm  were  described.  Presented  investigation  (a  preliminary  study  of 
1/f  noise)  should  be  extended  on  an  experimental  verification. 

LOW  FREQUENCY  NOISE  OF  BIPOLAR  POWER  TRANSISTOR 

Noise  measurements  were  carried  out  for  power  transistors  BDP  286  putting 
the  devices  in  the  common-emitter  configuration  at  different  values  of  the  current  l^, 
and  source  resistance  Rg.  The  spectra  were  measured  in  the  frequency  range  10 
Hz-1 50  kHz. 

Low  frequency  equivalent  circuit  of  the  common-emitter  configuration,  showing 
the  locations  of  natural  noise  sources  (the  thermal  noise,  shot  and  1/f  noise),  is 
presented  in  Fig.1. 


Fig.  1.  Equivalent  circuit  of  common-emitter  configuration 
In  the  low  frequency  range  a  total  natural  noise  generated  by  transistor  can  be 
represented  by  equivalent  input  noise  source  Sy(f)  given  by  the  relation  '••2; 

SvW  =  Sg,(f)+S,(f)+(r,,,+Rg)2  [S,3(f)+S,g(f)]+[(r,,+rg+Rg)2  /Po^][S,c(f)+S,,(f)]  (1) 

Here  Sg^=4kTRs  is  the  Nyquist  noise  of  R5.S^=4kTrj,j^,,  the  Nyquist  noise  of  r^^^,  S,g  - 
the  1/f  noise  density  of  Ig  i.eqs.(8H8)^  S,^  -  the  1/f  noise  density  of  1^  S^,g=2qlg 

the  shot  noise  of  Ig,  S^^^=2q\^  the  shot  noise  of  1^,,  r^  -  the  input  resistance,  r^^^  -  the 
bulk  resistance,  Rg  -  the  source  resistance,  -  the  current  amplification  factor,  and 
g^  is  the  transconductance. 

The  value  of  an  optimal  source  resistance  depends  on  measurement  noise 
conditions  and  for  a  room  temperature  it  is  equal  to; 

Rso^=  2p/,,,0.026/lg  +  p,(0.026/lg)2  (2) 

For  the  middle  frequency  range  we  have; 

S,  =  S,.  +  S,  +  (r,,  +  R,  )=S.,3  +  [(r„  +r,,,  +  S.„  (3) 

For  this  frequency  range  it  is  very  easy  to  evaluate  components  of  the  reiation  (3), 
there  are:  S„.,  S^,  S„b=  (r,,,  +  R^^  S.,^,  =  [(r„  +  r,.,  +  R,)Vp,^ 

In  the  Fig.  2  the  and  its  components ;Sg^,  versus  source  resistance  at 

f  =  100  kHz  for  the  transistor  BDP  286  Nr  1  at  1^=1 6mA  (rg=107.8Q,  r^^=0.3Q, 
p^=69,  lg=0.23mA,  R5^=13.49Q)  and  at  lc=580mA  (rg=2.58Q,  r,,=0.3Q,  p^=60, 
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lg=9.66mA,  R5^=0.347Q)  were  exemplified, 
a  b 


IC  =  580rnA  Rsop  =  0.347  Ohm 


lc=^16mA  Rsop  =  l3.5  Ohm 


Fig.  2.  The  equivalent  noise  source  and  its  components  for  transistor  BDP  286 
Nr  1  atf  =  100kHz  a  - =  16  mA,  b  - 1^  ==  580  mA 
It  is  easy  to  recognize  that  for  l^.  ==  16mA  (Fig. 2a)  at  0,1Q  (Rg<100R5j 

the  Syj,  and  dominate  in  the  equivalent  noise  source,  the  can  be  neglected. 

For  580mA  (Fig.2.b)  at  R^  =  100Q  (R^>100RJ  the  dominates  in  the 
markedly.  By  a  choice  of  measurement  noise  conditions  one  can  evaluate  for 
example  a  bulk  resistance  sources  3,,^  or 
For  the  lower  range  of  frequency  the  1/f  noise  can  not  be  omited,  and  for  example 
the  Sy,g(f=300Hz)  ==  (r^j^.+  Rg)2S,g(f=300Hz)  at  lc=580mA  is  dominated  (see  Fig. 3). 
As  we  see  the  Sy,g=Sy  is  located  paraliely  to  and  in  other  components  can 
be  neglected.  By  choice  the  following  measured  conditions:  Rg^lOOQ,  I^^SSOmA, 
f=300Hz  it  is  possible  to  evaluate  the  1/f  noise  source  in  the  base.  In  Fig. 4  the 
S,g(f)  for  transistors  Nrl,  Nr2,  Nr3  is  exemplified. 


lc  =  58QmA  Rsop  =  0.347  Ohm 


Fig.  3.  The  equivalent  noise  source  S„  and  Fig.  4,  The  S|g  versus  frequency  for 
its  components  f=300Hz.  l;,=580mA  transistors  Nr1,  Nr2,  Nr3 
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Which  part  of  noise  is  a  natural,  which  one  is  a  redundant? 

The  natural  1/f  noise  can  be  statistically  evaluated  based  on  noise 
measurements  of  a  few  selected  power  transistors  (without  any  defects)  or  of  a 
large  number  of  power  transistors  drawn  from  a  population  of  manufactured 
transistors. 

Ail  transistors  which  generate  a  higher  1/f  noise  than  a  natural  1/f  noise 
(evaluated  statistically)  should  be  recognized  as  a  mismanufactured, 

Following  phenomena;  crystal  defects  and  contaminations,  emmiter  edge 
dislocations,  electromigration,  imperfection  of  chip  bonding,  radiation  (external  and 
intristic)  have  been  indentified  as  the  main  sources  of  low  frequency  noise  in 
bipolar  transistors.  In  the  majority  these  phenomena  are  reasons  of  failures  of 
bipolar  transistors.  Influence  of  mentioned  phenomena  on  an  intensity  of  1/f  noise 
sources  should  be  specified  during  a  preliminary  study  of  noise. 

PROPOSAL  OF  CLASSIFICATION  ALGORITHM 

One  of  the  major  problem  in  the  presented  methodology  is  a  critical  analysis  of 
a  classification  algorythm.  In  the  2  the  following  procedure  has  been  proposed. 

On  the  basis  of  measurements  of  noise  parameter  X  (carried  out  for  a  random 
sample  drawn  fr^m  a  population  of  manufactured  transistoirs)  two  moments  of  X: 
the  mean  value  X  and  variance  should  be  evaluated.  Assuming  that  the  random 
variable  X  follows  the  normal  distribution  in  investigated  sample  (and  in  population 
as  a  whole)  and  that  manufactured  transistors  will  be  brought  into  one  of  four 
reliability  groups  it  is  needed  to  calculate  three  values  which  define  the  border 
values  for  quality  groups,  namely  X^^;  _ 

X=X  +  S,z_  (4) 

where:  2^^  -  standardized  normal  random  variable. 

It  has  been  assumed  that  the  value  defines  a  mean  essential  noise  for 
investigated  power  transistors. 

The  rules  of  power  transistors  classification  Into  four  groups  are  as  follows: 

X^<  X^.,  -  first  group  -  high  quality  is  expected, 

Xj  <  X^2  -  second  group  -  good  quality  is  expected, 

^2^^  X.  <  Xj^3  -  third  group  -  low  quality  is  expected, 

Xj  ^  Xj^  -  fourth  group  -  poor  quality  is  expected. 

These  rules  of  power  transistors  classification  should  be  experimentally  verify. 

CONCLUSION 

In  the  individual  prediction  of  quality  of  power  transistor  very  important  problem 
Is  a  choice  of  measurement  conditions  of  a  noise  parameter  X  .  If  conditions  of 
measurement  are  not  well  fixed,  the  measured  noise  parameter  X  will  not  reflected 
quality  of  tested  transistors. 
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ABSTRACT 

The  influence  of  deep  levels  on  AlGaAs/GaAs  HEMTs  operation  has  been 
evaluated  from  the  transconductance  frequency  dispersion  and  the  low  frequency 
channel  noise  analysis.  The  LF  noise  level  of  damaged  devices  has  been  shown  to 
increase  after  hot  electron  ageing  tests. 

INTRODUCTION 

The  purpose  of  this  work  is  to  analyse  the  drain  excess  noise  of  depiction  mode 
AlGaAs-GaAs  HEMT's  designed  for  microwave  power  and  low  noise  applications.  The 
influence  of  deep  levels  has  been  extensively  studied  and  they  arc  identified  as 
responsible  for  many  degradations  of  the  performances  of  FET  devices.  These  traps, 
some  of  which  arc  identified  as  donor-aluminium  complexes  (DX)  mainly  induce 
frequency  and  bias-dependent  anomalicsE^.  They  show  typical  capture  and  emission 
frequencies  below  1  MHz,  even  at  300  K. 

As  well  as  these  traps,  hot  electron  ageing  tests  induce  damages  in  HEMT's  operation  and 
this  work  mainly  deals  with  the  influence  of  both  deep  levels  and  hot  electrons  on  the  LF 
channel  noise  behaviour  of  conventional  AlGaAs-GaAs  HEMT's. 

DESCRIPTION  OF  THE  DEVICES  UNDER  TEST 

The  devices  under  test  are  divided  into  three  sets  (A,  B,  HT).Thcir  structure  is 
composed  by  a  n-doped  AlGaAs  layer  grown  on  the  undoped  GaAs  layer.  AuGeNi 
ohmic  contacts  are  processed  on  a  n+  GaAs  cap  layer.  They  mainly  differ  on  the 
recessed  gate  geometry  and  on  the  AI  molecular  fraction  of  the  n-doped  AlGaAs  layer  : 
respectively  0.3  and  0.27  for  type  A  and  B  devices. 

INFLUENCE  OF  THE  DX  CENTERS  ON  THE  HEMT  OPERATION 

ANALYSIS  OF  THE  CHANNEL  NOISE 

Low  frequency  channel  noise  measurements  were  performed  in  the  ohmic  regime 
(Yds  <  ^00  mV).  For  values  of  the  gate  bias  Vgs  close  to  the  threshold  voltage  of  the 
component,  the  channel  noise  presents  a  1/f  behaviour.  The  current  noise  spectral 
intensity  is  then  proportional  to  the  square  of  the  drain-source  current  (Fig.l).  Even  for 
such  low  bias  conditions,  the  theoretical  thermal  noise  level  is  not  reached  for  frequencies 
below  lOOkHz. 

When  increasing  the  gate  bias,  G-R  noise  contributions  appear  in  the  noise  spectra.  At 
room  temperature,  the  G-R  "plateau"  value  of  type  A  devices  is  about  two  orders  of 
magnitude  above  the  channel  noise  level  of  type  B  HEMTs.  Due  to  the  Vqs  dependence 
of  the  G-R  components  appearcnce  in  the  noise  spectra,  the  contributed  traps  are 
supposed  to  be  located  in  the  AlGaAs  active  layer. 
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Figure  1  :  Dependence  of  the  1/f  channel  noise 
current  on  lDS(iypc  B  devices) 


Figure  2  :  Spectral  intensity  of  the  noise 
current  vs^  temperature  (type  B  devices) 


By  assuming  the  influence  of  a  single 
preeminent  level  and  a  non  spatially- 
dependent  time  constant  i,  the  G-R 
current  noise  spectral  intensity  is 
expressed  as^»^  : 

4  d  X  Ny  fp  ( 1  -  fp) 

Si(0  =  ^^ - T  (1) 

"SBW  l+(2Kfx) 

where  Ny  fx  (1  -  fx)  is  the  effective 
traps  density,  ns  the  electron  density 
in  the  2DEG  and  d  the  space  charge 
region  width.  A  mean  value  of  the 
active  traps  density  is  obtained  : 
2.5x10^"^  cm'3  and  8.6x10^3  cm’^ 
for  type  A  and  B  devices  respectively. 
When  decreasing  the  temperature  to 
150K,  the  1/f  excess  noise  is  screened 
by  the  increasing  amplitude  of  the  G- 
R  contribution  (Fig.  2).  The  shift  of 
the  corner  frequency  fc  v  s . 
temperature  is  reported  on  the 
Arrhenius  plot  of  log(T2/fc). 

The  activation  energy  Ea  and  the 
capture  cross-section  a  are  obtained 
from  a  least-squares  linear  regression 
(the  electron  effective  mass  of  the 
L-valley  in  AlxGai-xAs  with  respec¬ 
tively  x=0.3  and  0.27  has  been  used 
to  determine  o).  The  value  of  these 
parameters  (reported  in  table  I) 
clearly  identify  the  DX  center. 

FREQUENCY  DISPERSION  OF 
THE  TRANSCONDUCTANCE 

The  influence  of  these  traps 
on  the  HEMTs  electrical  charac¬ 
teristics,  as  undesirable  frequency- 
dependent  effects  has  been  inves¬ 
tigated^. 


The  iransconduciance  gm(0  has  been  measured  in  the  O.lHz-lMHz  frequency  range. 
Measurements  were  performed  at  Vj;)s=50mV  and  Vgs=0V,  at  various  ambient 
temperatures.  A  sinusoidal  signal  of  100  mV  peak-to-peak  amplitude  was  applied  to  the 
gate  contact  with  source  grounded  and  a  10  O  resistance  connected  between  the  drain 
and  the  DC  supply  terminal.  gm(0  is  computed  from  Ids  measurements  across  the  10  Q 
resistance  with  an  impedance-gain  phase  analyzer  and  is  normalized  to  the  lowest 
frequency  value. 

Typical  results  are  reported  in  figure  3.  The  increase  of  gm(f)  at  frequencies  higher  than 
1  kHz  is  a  typical  feature  of  DX  centers.  At  frequencies  lower  than  the  DX  characteristic 
frequency,  the  electron  trapped  in  these  centers  reduce  the  modulation  of  the  2DEG 
density  induced  by  changing  the  applied  gate  voltage.  Thus,  transconductance  values  at 
low  frequencies  are  noticeably  smaller  than  for  higher  frequency  values. 
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Activation  energy  and  capture  cross-section  are  obtained  from  the  temperature 
dependence  of  the  frequency  f  corresponding  to  gm  transitions  (Table  II).  The  low 
frequency  decrease  of  gm(0  identifies  traps  with  an  activation  energy  of  0.48  eV.  In  fact, 
by  driving  the  device  toward  pinch-off,  the  low  frequency  decrease  of  gm(0  is  still 
evident,  while  the  DX  related  increase  of  gm(0  at  high  frequencies  fades. 
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Figure  3  :  Normalized  gm(0  vs.  frequency  and  temperature  (type  A  devices) 


Devices 

Ea  (eV) 

CT  (cm^) 

Type  A 

0.43  ±  O.to 

5.5x10-'5 

Type  B 

0.44  ±  6.02 

8x10-15 

Table  I  :  Characteristic  parameters  of 
the  DX  levels  (from  LF  noise  analysis) 


Devices 

Ea  (eV) 

o  (cm^) 

Type  A 

0.42 

2x10-15 

Type  B 

0.4O 

2.9x10-15 

Table  II  :  Characteristic  parameters  of 
the  DX  leveIs(from  gm(0  dispersion) 


HOT  ELECTRONS  DEGRADATION  OF  THE  ELECTRICAL  PARAMETERS 

To  create  impact  ionization  effects,  a  set  of  devices  have  been  biased  at  an 
operating  point  corresponding  to  a  high  ratio  IgAd  (typically  Vds=  6V).  The  pcrccnlual 
decreases  of  the  drain-source  current  and  of  the  iransconductance  have  already  been 
correlated  with  the  respective  Ig/1d  ratio  of  the  accelerated  lest^.  Figure  4  gives  the 
iransconductance  measured  in  the  ohmic  regime  for  two  sets  of  devices  :  HTl  and  HTIO 
(no  ageing)  -  HT3  and  HT14  (after  215  hours  of  life-tests  performed  at  room 
temperature^  The  collapse  of  the  transconductance  is  confirmed  after  the  ageing. 

Low  frequency  noise  is  measured  from  1  Hz  lo  100  kHz  at  room  temperature. 
The  devices  are  biased  in  the  linear  regime  (Vos  =  50  mV)  and  the  gate  voltage  varies 
between  the  device  threshold  voltage  Vy  tmd  zero. 

As  shown  previously^,  the  noise  current  spectral  intensity  as  a  function  of  the  gate  bias 
shows  two  different  behaviours  :  for  Vgs  lower  than  the  gm  maximum  bias  conditions 
(figure  4),  the  drain  current  noise  follows  a  1/f  law  whereas  for  higher  Vqs  values,  G-R 
components  are  superimposed  on  the  1/f  noise.  The  governing  equation  of  the  1/f  noise 
is : 

2 

^H^DS 


where  an  is  the  Hooge  parameter  resulting  and  N  the  total  electron  number. 
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Figure  4  :  Transconductance  of  HTl,  HTIO 
(no  ageing)  and  HT3,  HT14  (after 
degradation)  in  the  ohmic  regime 
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Figure  5  :  Drain  noise  spectral  intensity  of 
HTl  (1  :  virgin)  and  HT3  (2  :  after 

degradation)  devices  for  Ids  =  0.19  mA 


The  plot  of  the  drain  current  spectral 
intensity  for  the  same  drain  current 
(figure  5)  clearly  shows  an  increase 
of  the  drain  1/f  noise  of  degraded 
devices  (HT3)  compared  to  the  excess 
noise  of  the  virgin  ones  (HTl).  This 
difference  has  to  be  corrected 
according  to  the  dispersion  of  the 
respective  DC  parameters  (Ids  and 
gm  ys^  Vgs)  of  each  device.  The 
"normalised"  drain  noise  current 
appears  to  be  only  depending  on  the 
gate  bias  (in  the  linear  regime),  on  the 
technological  parameters  of  the 
device  and  on  its  intrinsic  physical 
noise  sources  (interfaces  regions  - 
access  regions  -  2DEG). 


CONCLUSIONS 

DX  centers  have  been 
characterised  in  conventional  HEMTs 
according  to  the  G-R  LF  noise 
dependence  on  temperature. 
Activation  energy  value  of  these  traps 
is  in  very  close  agreement  with  the 
value  determined  from  the 
temperature-dependent  increase  of 
the  transconductance  gm  in  the  high 
frequency  range  (f>10kHz  at 
T=280K).  However,  the  capture 
cross-section  determined  from  the 
noise  analysis  is  found  to  be  higher. 
DX  centers  have  then  been  found  to 
induce  a  frequency  dependence  of 
the  transconductancc. 


The  drain  excess  noise  of  AlGaAs/GaAs  HEMTs  in  the  ohmic  regime  is  mainly 
controlled  by  fluctuations  occuring  in  the  channel.  After  life  tests  at  room  temperature, 
an  increase  in  the  drain  excess  noise  level  has  been  correlated  with  degradation  resulting 
from  hot  electrons  effects.  The  identification  of  the  physical  origins  of  the  noise  increase 
will  therefore  need  a  separation  between  contributions  deriving  from  either  electron 
mobility  or  from  density  fluctuations  in  the  access  regions  and  in  the  gate  controlled 
channel. 
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ABSTRACT 

Investigations  of  1/f-noise  in  the  bipolar 
transistors  with  field  electrode  (gate)  revealed,  that 
spectral,  current  and  temperature  characteristics  of  bulk 
and  surface  1/f-noise  are  very  similar.  This  result  shows 
their  common  nature:  both  bulk  and  surface  1/f-noise  are 
superposition  of  many  sources  of  burst  noise. 

INTRODUCTION 

Bipolar  transistor  with  gate  is  suitable  object  for 
investigations  of  1/f-noise.  The  earlier  study  of  those 
transitions  have  shown,  that  the  main  origin  of  1/f-noise 
in  the  bipolar  transitions  is  surface  recombination 

current  Since  this  study  some  changes  in  view  on  1/f- 
noise  nature  occurred  and  considerable  progress  in 
technology  of  the  bipolar  transitions  producing  has  been 
achieved.  Thus,  investigations  of  1/f-noise  in  samples 
made  by  modern  technology,  seem  be  actual. 

RESULTS 

The  results  of  the  experimental  investigations  of  the 
characteristics  of  the  1/f-noise  in  the  special  made 
bipolar  transistors  with  gate  over  emitter  junction  and 
part  of  base  are  presented.  The  devices  were  made  by  a 
planar  diffusion  process  into  silicon  using  boron  and 
phosphorous  as  impurity  dopants. 

Fig.  1  shows  the  dependences  of  the  base  current  Ig 
on  the  gate  potential  Uq.  One  can  see  the  peak  of  base 
current  at  Uq  -  -  16  V,  which  is  related  with  equal 
concentrations  of  electrons  and  holes  in  the  undergate 
surface.  This  situation  corresponds  to  the  maximum  surface 
recombination  velocity.  Further  decrease  of  potential  Ug 
leads  to  rapid  decrease  of  current  Ig  and  appearance  of 
inversion  induced  p-n  junction  under  the  gate. 
Independently  on  the  surface  state  current  Ig  ~  exp 
(Qdgg/mkT)  (Fig.2).  At  V  base  current  consists  of  the 
diffusion  component  and  in  this  case  "nonideal" 
coefficient  m=l.  At  Uq=-16  V  contribution  of  the  component 
of  the  surface  recombination  current  to  the  base  current 
is  main  and  coefficient  m=2 .  At  \Jq=  -30  V  base  current 
consists  of  several  nearly  equal  parts  of  diffusion  and 


268 


©  1993  American  Institute  of  Physics 


G.  Leontjev  269 


the  base  current,  caused  by  maximum  velocity  of  surface 
recombination  at  Uq  -  45  V  is  more  weakly  expressed,  then 
in  the  p-n-p  type  transistors. 

To  distinguish  the  components  of  1/f  noise  associated 
with  the  surface  recombination  base  current  Ig®  and  the 
bulk  base  currents  the  dependence  of  1/f  noise  on  the 
potential  Ug  at  a  fixed  bias  of  the  emitter  junctions 
(Fig.  3)  has  been  measured.  Bulk  base  current  in  our  case 
consisted  of  the  main  emitter  junctions  current  and 

the  induced  emitter  current  Ib^^.  The  components  of  1/f 
noise  are  marked  as  IggS,  ^nd  ^ggp^^tively . 

From  the  measured  dependences  Ig  =  f(UQ)  and  =  f(UQ) 

for  a  several  values  of  Ug^  the  dependences 
=  F(IgV)  and  =  1(12^1)  were  founded. 


Fig.  4.  Temperature  dependence  Fig.  5.  Normalized  noise 
of  noise  currents  (curve  spectral  density  at  po- 

1)  and  IgqS  (curve  2).  tential  =  0  V  at  base 

current  Igil  -  10‘5  a; 

2  -  10““6  A. 


Results  of  investigations  have  shown  that  l/f~noise 
of  igS  component  is  much  smaller  then  noise  of  Ig^  and  Ig^i 
components  both  in  the  n— p— n  and  p— n“p  transistors . 
Beside,  dependences  of  noise  current  I^g,  and  on 
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recombination  components  of  current  in  the  main 
induced  emitter  junction,  and  value  of  m  is  between  1 


and 

and 
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corresponding  currents  are  quite  similar  for  many  samples 
and  proportional  to  ~ 

Temperature  dependences  of  noise  currents  leq®^  leq^ 
and  leq^^  are  alike  too  (Fig.  4). 

Investigations  of  noise  spectra  in  the  frequency 
region  2Hz  to  20  kHz  have  shown,  that  spectra  change 
similar  to  1/f,  but  have  fine  structure.  Beside,  observed 
maxima  of  the  normalized  spectra  move  to  the  high 
frequencies  with  the  increase  of  the  current  Ig  (Fig.  5). 

DISCUSSIONS 

From  the  present  investigations,  we  can  conclude  that 
1/f-noise  is  the  sum  of  the  big  number  of  the  burst  noise 
sources,  located  in  bulk  and  surface  region.  This 
conclusion  is  confirmed  by  oscilograms  of  1/f-noise,  which 
show  that  noise  is  not  "smooth"  and  it  is  possible  to 
pickout  big  number  of  pulses,  of  various  amplitude  and 
durations.  According  to  the  models  of  the  noise  of  burst 
sources  ,  there  are  defects  in  the  emiter- junction 
through  which  flow  current  of  increased  density.  Recharge 
of  g-r  centres,  located  in  the  defect  region,  modulates 
this  current.  Beside,  charge  carriers  while  interacting 

with  g-r  centres  owercome  recombination  barrier  ^ .  This 
enables  to  explain  required  interval  of  relaxation  times, 
necessary  for  the  synthesis  of  1/f  spectrum. 

Time  of  recombination  of  charge  carries  through  the 
g-r  centres  decrease  in  proportion  to  concentration  of 
charge  carries,  thats  means  in  proportion  to  current.  The 
above  presented  view  is  in  good  agreement  with  behaviour 
of  spectra  presented  in  Fig.  5.  Using  characteristics  of 
burst  noise  ^  we  explained  observed  dependence  of  1/f- 
noise  on  current  Ig. 
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ABSTRACT 

We  present  a  study  on  shot  noise  in  a  quasi-one-dimensional  channel  much  longer  than  the  elec¬ 
tron  mean  free  path.  We  find  that  the  shot-noise  intensity  is  suppressed  below  the  full  shot-noise 
level  and  compare  this  result  with  recent  theoretical  calculations  predicting  reduced  shot  noise. 


Shot  noise  in  nanostructure  devices  has  attracted  much  attention  in  the  last  few  years 
A  primary  issue  has  been  the  suppression  of  shot  noise  in  quantum  point  contacts,  con¬ 
ductors  much  shorter  than  the  electron  mean  free  path.  Such  devices  exhibit  a  quantiza¬ 
tion  of  the  conductance  related  to  the  nearly  unit  transmission  probability  of  electrons 
residing  in  a  one-dimensional  (ID)  subband.®  The  zero-frequency,  zero-temperature 
equivalent  current-noise  spectral  density  5/  of  a  two-terminal  ID  conductor  under  con¬ 
ditions  of  a  small  voltage  V  between  the  two  terminals,  has  been  calculated  to  equal^ 

0  2  oo 

5,  =  2e|F|  — (1) 

n=l 

with  Tn  the  transmission  probability  for  an  electron  in  the  ID  subband.  One  thus 
expects  the  shot  noise  intensity  to  vanish  at  the  conductance  plateaus,  where  all  occupied 
subbands  have  Tk  «  1.  The  only  experimental  indication  for  a  reduction  of  shot  noise 
in  the  ballistic  transport  regime  to  occur  thus  far  may  be  the  observation  by  Li  et  ai^ 
of  a  white  contribution  to  the  noise  spectral  density,  with  an  intensity  that  is  reduced 
compared  to  2e/, 

Recently,  the  attention  has  been  turned  to  shot  noise  in  conductors  much  longer 
than  the  electron  mean  free  path.  Calculations  starting  from  the  general  equation  (1) 
and  based  on  results  obtained  from  the  random-matrix  theory  of  quantum  transport, 
have  shown  that  the  shot-noise  power  in  a  disordered  phase- coherent  conductor,  much 
longer  than  the  electron  mean  free  path,  is  expected  to  be  one-third  of  the  classical 
value  of  a  Poisson  process. It  was  pointed  out  that  this  reduction  is  a  consequence 
of  the  presence  of  noiseless  open  quantum  channels. 

A  similar  prediction  for  the  suppression  of  shot-noise  was  obtained  by  Nagaev^^ 
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Figure  1:  5^  vs  7  for  three  different  values  of  Vg. 

for  metal  contacts  with  a  small  electron  mean  free  path.  He  used  the  Boltzmann- 
Langevin  equation  to  determine  the  fluctuations  of  the  elecxron  distribution  function 
and  found  cdso  a  one-third  reduction  of  the  shot-noise  power.  However,  in  contrast  to  the 
interpretation  in  Refs.  10  and  11,  here  the  reduction  was  attributed  to  a  nonequilibrium 
electron  distribution  in  the  center  of  the  contact. 

In  this  paper  we  present  the  first  experimental  evidence  for  the  suppression  of  shot 
noise  in  a  quasi-one-dimensional  conductor  much  longer  than  the  electron  mean  free 
path.  In  some  range  of  parameters,  indeed  a  reduction  by  a  factor  of  1/3  was  found, 
however  also  other  values  emerged.  Thus  far,  there  is  no  satisfying  explanation  for  this 
phenomenon. 

The  conductor  is  defined  by  means  of  a  split-gate  lateral  depletion  technique  in  the 
degenerate  two-dimensional  electron  gas  (2DEG)  of  a  GaAs/AlGaAs  heterostructure.® 
The  length  of  the  device  is  16.7  /im,  much  longer  than  the  electron  mean  free  path  ~ 
2  at  4.2  K.  The  resistance  R  of  the  channel  can  be  varied  by  controlling  the  electron 
density  (2.6  X  10^®  m“^  or  less)  and  width  (500  nm  or  less)  of  the  channel  by  means 
of  a  gate  voltage  Vg  applied  to  the  split-gate  on  top  of  the  structure  (see  lower  part 
of  Fig.  2).  All  experiments  discussed  in  this  paper  were  carried  out  in  a  four-terminal 
configuration,  in  order  to  eliminate  spurious  contributions  to  the  noise  produced  at  the 
current  contacts  and  voltage  probes.  The  noise  spectral  density  was  measured  in  the 
frequency  range  of  250  mHz  to  100  kHz. 

At  frequencies  below  1  kHz  the  noise  intensity  is  completely  dominated  by  a  1// 
contribution,  which  will  be  discussed  elsewhere.  At  higher  frequencies  a  white-noise 
spectrum  appears  with  an  intensity  dependent  of  7.  In  order  to  demonstrate  that 
these  fluctuations  indeed  can  be  associated  to  shot  noise,  we  measured  the  intensity  of 
the  white-noise  level  of  the  equivalent  voltage-noise  spectral  density  Sv  =  R^Sj  as  a 
function  of  the  bias  current  7.  In  Fig.  1  we  have  plotted  Sv  vs  7  for  three  different 
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Vg  (V) 


Figure  2:  Upper  part:  5//2e/  vs  Vg.  The  dashed  line  indicates  the  theoretical  prediction 
of  a  one-third  reduction  of  the  shot-noise  level.  Lower  part:  jR  vs  in  the  same  gate- 
voltage  range. 

values  of  Vg  for  T  =  4.2  K,  showing  a  clear  proportionality  of  Sv  with  /.  We  checked 
that  R  is  ohmic  and  therefore  conclude  that  the  white-noise  level  originates  from  shot 
noise.  Indeed,  the  constant  7  defined  by  the  relation  Si  =  2'^el  (with  e  the  elementary 
charge)  is  reduced  below  the  classical  value  of  1  but  depends  on  In  the  upper  part 
of  Fig.  2  we  present  5//2e/  vs  Vg  in  the  gate-voltage  range  of  -0.35  to  -0.7  V.  From 
this  figure,  7  appears  to  equal  approximately  0.4  at  low  \  Vg  \  down  to  0.2  at  high  \  Vg  |. 
We  conclude  that  the  shot  noise  in  our  conductor  is  suppressed  below  the  full  shot  noise 
level,  but  that  the  reduction  factor  deviates  from  the  theoretically  predicted  value  of 
1/3,  indicated  by  the  dashed  line  in  Fig.  2. 

We  also  studied  the  temperature  dependence  of  the  shot-noise  level  (not  shown  here) 
and  found,  that  7  strongly  decreases  at  higher  temperatures  (T  ^  10  K)  for  all  gate 
voltages  examined.  Below  10  K  the  shot-noise  level  is  approximately  independent  of 
temperature.  A  similar  reduction  of  7  is  predicted  in  Refs.  10  and  11  and  attributed  to 
a  decrease  of  the  ineleastic  scattering  length  with  temperature. 

In  conclusion,  we  reported  the  first  experimental  results  on  the  suppression  of  shot 
noise  in  a  quasi-one-dimensional  channel,  much  longer  than  the  electron  mean  free  path. 
This  reduction  is  in  accordance  with  recent  theoretical  calculations  concerning  reduced 
shot-noise.  However,  these  theories  do  not  account  for  the  details  of  our  experimental 
observations,  and  the  origin  of  the  observations  remains  therefore  unclear. 
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ABSTRACT 

We  perform  a  noise-spectroscopy  study  on  electron  transport  through  a  narrow  split-gate  GaAs/ 
AlGaAs  channel.  The  noise  is  found  to  be  dominated  by  a  1//  contribution,  which  is  interpreted 
to  originate  from  time-dependent  fluctuations  in  the  electrostatic  potential  in  the  channel  due 
to  electron  trapping  and  detrapping  processes  with  a  broad  distribution  of  time  constants. 

The  improvements  in  the  techniques  of  lithography  have  driven  down  the  size  of  semi¬ 
conductor  devices  to  submicron  length  scales.  Although  the  time-averaged  electron 
transport  properties  of  such  devices  has  been  investigated  thoroughly,^  fluctuations 
have  received  less  attention.  We  present  a  noise-spectroscopy  study  in  a  quasi-one- 
dimensional  channel,  that  reveals  new  phenomena  in  electron  transport,  which  can  not 
be  obtained  otherwise.  We  demonstrate  that  the  the  noise  spectrum  is  dominated  by  a 
1//  contribution  and  identify  the  mechanism.  We  calculate  the  temperature  dependence 
based  on  a  model  developed  for  the  analysis  of  our  earlier  measurements  in  quantum 
point  contacts^  and  And  perfect  agreement. 

We  used  a  GaAs/Alo.asGao.syAs  heterostructure,  supplied  by  Philips  Research  Lab¬ 
oratories.  The  structure  consists  of  a  GaAs  substrate  on  top  of  which  a  thick  layer 
of  high  purity  GaAs  has  been  deposited,  followed  by  a  20-nm  undoped  AlGaAs  layer, 
a  40-nm  silicon  doped  AlGaAs  layer,  and  a  20-nm  GaAs  cap  layer.  At  the  interface 
of  GaAs  and  AlGaAs  a  two-dimensional  electron  gas  (2DEG)  is  formed.  The  2DEG 
mobility  equals  23  m^/Vs  at  4.2  K.  Its  density  amounts  to  2.6  X  10^^  ui“^,  independent 
of  temperature,  A  narrow  channel  of  length  L  =  16.7  pm  is  defined  by  biasing  two  half 
gates,  separated  by  a  slit  of  500  nm,  located  on  top  of  the  structure.  The  gate  voltage 
Vg  controls  the  channel  width  W,  the  electron  density  n,  and  consequently  the  channel 
resistance  R. 

The  experiments  were  performed  in  a  four-terminal  configuration  with  the  sample 
biased  with  a  dc  current  I.  The  excess  noise  Sv{f)  was  measured  in  the  voltage  V  =  IR 
across  the  channel.  Generally  Sv{f)  appeared  to  consist  of  a  1//  contribution,  with 
an  intensity  that  goes  quadratically  with  7,  and  a  white  noise  contribution,  with  an 
intensity  linear  in  7.  In  Fig.  1  a  typical  noise  spectrum  is  plotted.  The  solid  line  in  the 
figure  represents  a  fit  to  the  sum  of  a  1//-  and  a  frequency-independent  contribution. 
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Figure  1:  A  typical  example  of  the  equivalent  noise  spectral  density  for  T  =  4.2  K, 
Vg  =  -0.62  V,  and  I  =  0.78  fiA.  The  solid  curve  represents  a  fit  by  a  1//  contribution 
combined  with  a  white  noise  contribution. 


We  interpret  the  white  noise  part  of  the  spectrum  as  an  example  for  reduced  shot  noise 
and  will  discuss  this  elsewhere.  We  mecisured  the  temperature  dependence  of  the  relative 
l//-noise  intensity  5y(/)/F^  at  1  Hz  for  three  values  of  The  results  are  plotted  in 
Fig,  2.  For  low  temperatures  the  noise  intensity  incrccises  approximately  linearly  with 
temperature,  but  with  a  slope  dependent  on  Vg.  For  Vg  =  -0.62  and  -0.73  V,  the 
experimental  data  start  to  deviate  from  the  straight  line  at  higher  temperatures  (T  > 
15  K).  However,  no  significant  deviation  from  linearity  is  observed  for  Vg  =  —0.38  V,  at 
least  in  the  temperature  range  examined. 

In  order  to  construct  a  tractable  model  to  account  for  the  experimental  results, 
we  assume  that  R  obeys  the  Drude  formula  R  —  (LIW){lfn€fj,),  and  thus  neglect 
contributions  of  the  Sharvin  resistance  and  weak  localization.  These  can  indeed  be 
shown  to  give  only  very  small  corrections.  Furthermore,  we  write  for  the  reciprocal 
channel  mobility  +  oT  ,  with  the  zero-temperature  mobility  and  oT 

referring  to  the  reduction  of  the  mobility  by  acoustic-phonon  scattering.  We  checked  R 
and  observed  it  to  vary  linearly  with  T.  We  note  that  varies  roughly  linearly  with 
Vg^  and  that  afioT  <  1  for  all  temperatures  and  gate  voltages  examined. 

We  contend  that  the  resistance  noise  is  caused  by  fluctuations  in  the  electrostatic 
potential  Sq  in  the  channel  originating  from  traps  that  induce  thermally  activated  trap¬ 
ping  and  detrapping  processes  of  electrons.  The  noise  can  be  quantitativily  understood 
if  a  sufficiently  broad  range  of  activation  energies  of  these  traps  is  present  near  or  in  the 
channel.  The  mechanism  is  a.s  follows.  Whenever  electron  capture  takes  place,  the  elec¬ 
trostatic  potential  near  the  trap  rises  because  of  the  Coulomb  potential  of  the  electron. 
As  soon  as  the  electron  is  released,  the  electrostatic  potential  is  restored.  Raising  the 
electrostatic  potential  lowers  n  and  consequently  R.  The  connection  between  Sv{f)IV'^ 
and  the  time-dependent  fluctuations  SsQ{f)  in  £o  is  straightforwardly  given  by 
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T  (K) 


Figure  2:  The  l//-noise  spectral  density  at  1  Hz  vs  T  for  Vg  =  -0.38  V  (circles), 
-0.62  V  (triangles),  and  -0.73  V  (squares).  Solid  curves  are  fits  to  the  data  by  Eq.  (2). 
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In  order  to  evaluate  Eq.  (1)  we  insert  the  expressions  for  R  and  ^  as  mentioned  above, 
and  use  the  definition  of  the  Fermi  energy  ep.  Following  Ref.  3,  we  assume  that  //q  is 
proportional  to  and  use  the  observation  for  our  channel  that  a^o  is  proportional 
to  n.  We  then  arrive  at  the  result 


^v(f) 

V2 


1  —  exp 


/3a/JoT  +  5Y 
4rmkTjj  [nh^J  [  apioT  +  I  J 


(2) 


A  remarkable  result  from  the  present  analysis  is  that  Sv{f)fy^  is  independent  of  both 
W  and  Zr.  Furthermore,  Eq.  (2)  shows  that  the  Sv{f)fV'^  strongly  increases  with 
decreasing  n. 

At  low  temperatures  {kT  <  nh^lAirm)^  the  measurements  show  that  Sv{f)IV^  is 
proportional  to  T.  From  Eq.  (2)  we  then  may  conclude  that  S^oif)  must  be  linear  in  T. 
This  linear  increase  with  T  can  generally  be  produced  by  a  set  of  electron  traps  with  a 
sufficiently  flat  distribution  g{Ea)  of  activation  energies  Ea^  If  we  denote  the  thermally 
activated  time  at  a  single  site  with  r  =  roexp(EafkT)  (I/tq  an  attempt  frequency),  it 
can  be  shown,^  that 
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Figure  3:  The  electron  density  in  the  channel  vs  Vg.  Data  points  indicate  results  from 
measurements  of  5'v(/)/F^  vs  T.  The  solid  line  represents  the  result  as  obtained  from 
high  magnetic-field  measurements  of  R. 

roo  ^  WT 
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The  solid  curves  in  Fig.  2  are  fits  by  Eq.  (2)  to  the  data,  taking  values  of  afio  as 
obtained  from  the  temperature  dependence  of  R  and  a  linear  temperature  dependence 
of  SgQ.  From  the  fits  we  extract  that  Sedf)  =  (3x  10”^°  meV^K"^)  X  T//,  independent 
of  Vg  within  the  experimental  error,  and  we  find  values  for  n  as  plotted  vs  Vg  in  Fig.  3. 
In  this  figure  also  the  Vg  dependence  of  n  is  shown  as  obtained  from  high  magnetic-field 
measurements  of  R.  Clearly,  the  results  for  the  two  routes  to  measure  n  vs  agree 
reasonably  well.  This  corroborates  the  validity  of  our  model  for  the  1//  noise  in  a 
narrow  GaAs/AlGaAs  channel. 

In  conclusion,  we  have  shown  that  the  resistance  of  a  narrow  GaAs/AIGaAs  channel 
is  sensitive  to  fluctuations  in  the  electrostatic  potential.  The  fluctuations  were  found  to 
be  1//  like  and  interpreted  to  originate  from  thermally  activated  processes  having  a  flat 
distribution  of  activation  energies.  From  measurements  of  the  temperature  dependence 
of  the  1//- noise  intensity,  the  electron  density  is  observed  to  increase  linearly  with  gate 
voltage,  consistent  with  high  magnetic-field  measurements  of  the  resistance. 
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ABSTRACT 

A  model  to  determine  the  noise  properties  for  AlGaAs  f  InGaAs  I  GaAs  Pseu¬ 
domorphic  HEMTs  is  presented.  The  analysis  is  based  on  a  self-consistent  solu¬ 
tion  of  Schrodinger  and  Poisson’s  equations.  Pseudomorphic  HEMTs  (PHEMTs) 
have  a  lower  noise  figure  and  temperature  as  compared  to  normal  AlGaAs /GaAs 
HEMTs.  Minimum  noise  temperature  in  pseudomorphic  HEMTs  decreases  with 
increasing  quantum  well  (QW)  width.  Noise  temperature  in  general  increases  with 
increasing  gate  length. 


Introduction 

In  this  paper  a  noise  model  is  presented  which  is  based  on  the  self-consistent  so¬ 
lution  of  Schrodinger  and  Poisson’s  equations.  A  velocity-electric  field  characteristic^’^ 
is  used  that  approximates  the  experimental  curve  more  closely  and  makes  the 
calculations  analytic  in  nature.  The  calculated  results  are  compared  with  experi¬ 
mental  data^’^  which  shows  excellent  agreement. 

Model 

The  self-consistent  noise  model  presented  by  Anwar  et  al.^  is  extended  to 
calculate  noise  in  PHEMTs.  Schrodinger  and  Poisson’s  equations  are  solved  self- 
consistently  to  calculate  the  average  distance  of  the  electron  cloud  Xav,  from  the 
first  heterointerface  and  the  position  of  the  Fermi  level  Ep  with  respect  to  the 
tip  of  the  conduction  bandU  Using  the  functional  relationship  of  Xav  and  Ep 
with  two-dimensional  electron  gas  (2DEG)  concentration  n^,  the  d.c.  small-signal 
parameters  are  evaluated  and  used  eventually  to  calculate  noise  figure  and  tem¬ 
perature.  By  accounting  for  different  noise  sources^  and  matching  the  optimized 
external  source  impedance  to  the  transistor,  the  minimum  noise  figure  Fmtn^  min¬ 
imum  noise  temperature  Tmin  and  noise  conductance  are  calculated  as^  ; 

a.in  =  1  +  2  ■  gn{Rc  +  JrI  +  ~)  (1) 
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r™„  =  2-r-3„-(iJe  +  ii,,op«)  (K)  (2) 

where 

<?.  =  Sm-(-f)^-(-R+-P-2Cx/PS)  (3) 

IT 

Rc  ~  Ra  Rg  Ri  (^) 

where  is  the  noise  resistance,  R^  is  the  correlation  resistance,  Rs  and  Rg  are 
the  source  and  drain  resistances  and  Ri  =  is  the  gate  charging  resistance. 

Lg  represents  the  length  of  the  gate  and  Vs  is  carrier  saturation  velocity  in  the 
conducting  channel.  P,  R  and  C  represents  the  noise  coefficients  and  Ra.opt  is  the 
optimal  external  source  resistance  defined  by  Anwar  et  al.h  and  Cga  are  the 
device  transconductance  and  gate  capacitance,  respectively.  T  is  the  operating 
temperature  in^K.  In  some  cases,  the  external  source  impedance  is  not  matched 

to  the  optimal  source  impedance  Za,opt-  This  mismatch  results  in  a  modified 

expression  for  noise  temperature  : 

T„  —  Tfnin  H - p  ■  [(Paou  ~  Ra,opt)  +  {^sou  ~  ^a,opt)  ]  (5) 

-^aou 

where  Z^ou  ~  Raou  +  j^aou  is  the  external  source  impedance  presented  to  the 
transistor. 


Results  and  Discussion 

In  Fig.l,  the  calculated  minimum  noise  figure,  Fmin  is  plotted  as  a  func¬ 

tion  of  drain-source  current  for  a  0.1x200  pseudomorphic  InGaAs  HEMT 
with  Vrfj=1.06  V  at  94  GHz.  On  the  same  plot  experimental  data^  are  shown  and 
reflects  a  good  fit.  Using  this  noise  model,  the  quantum  well  (QW)  width  and 
gate  length  dependance  on  the  noise  properties  of  pseudomorphic  InGaAs  HEMT 
operating  at  PU-band  is  studied. 

In  Fig. 2,  minimum  noise  figure  Fmin  is  plotted  as  a  function  of  frequnecy  for  a 
0.35x200  PHEMT  at  300K  with  Vd  =  2.0  V  and  ha  =  10  mA.  On  the  same 
graph,  the  calculated  results  are  compared  with  experimental  data  (diamond)^ 
and  show  an  excellent  agreement. 

In  Fig. 3,  The  calculated  minimum  noise  temperature  is  compared  with  room 
temperature  experimental  data  for  0.15x  100  firri^  AlGa As  j InGaAs / Ga As  PHEMT"^ 
a.t  30  GHz.  Vs  and  /io  are  assumed  to  be  1.2  x  10^  cm! sec  and  9,000  cm? /V  —  sec  for 
PHEMTs  at  room  temperature.  As  observed  the  agreement  is  excellent.  We  be¬ 
lieve  that  the  use  of  a  self-consistent  calculation  to  determine  the  effective  channel 
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Figure  1:  Minimum  noise  figure,  (dB)  is  plotted  as  a  function  of  saturation 
drain  current  and  compared  to  the  experimental  data  (diamond)^. 


Figure  2:  Minimum  noise  figure  is  plotted  as  a  function  of  frequency  for  a 

0.35x200  PHEMT  at  300K.  The  diamonds  represent  the  experimental  data^. 
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Figure  3:  Noise  temperature  is  plotted  as  a  function  of  drain  current  for  PHEMTs 
(solid  line).  The  experimental  data  is  shown  (diamond)"*. 

width  as  a  function  of  the  2DEG  concentration  and  velocity-electric  field  charac¬ 
teristic  that  approximates  the  experimental  results  more  closely  enabled  such  an 
agreement. 


Conclusion 

A  self-consistent  model  is  presented  to  model  noise  performance  for  pseudomor- 
phic  InGaAs  HEMTs.  An  improved  velocity-electric  field  {vd^S)  characteristic  is 
used  to  make  the  calculation  analytic  in  nature.  The  calculated  Fmin  and 
are  compared  to  experimental  data^’'*  and  show  excellent  agreement. 
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ABSTRACT 

We  investigate  the  origin  of  shot  noise  suppression  in  Double-Barrier  Resonant-Tunneling 
Structures  and  in  Quantum  Point  Contacts.  We  find  out  that  the  suppression  factor  for  DBRTSs 
can  be  derived,  obtaining  the  same  result,  from  different  approaches.  We  also  show  how  the 
current  pulse  representation  can  be  applied  to  an  intuitive  derivation  of  shot  noise  in  QPCs 

INTRODUCTION 

Widespread  interest  has  been  recently  received  by  the  problem  of  shot  noise  suppression 
in  Double-Barrier  Resonant-Tunneling  Structures  (DBRTSs)  and  in  Quantum  Point  Contacts 
(QPCs).  This  is  the  consequence  of  experimental  findingsh^  exhibiting  a  significant  reduction 
in  the  noise  power  spectral  density  in  such  devices  with  respect  to  the  full  shot  noise  level. 
Several  explanations  of  this  phenomenon  have  been  proposed,  based  on  the  role  played  by  the 
exclusion  principle^  as  a  consequence  of  the  fermionic  nature  of  the  electrons,  on  the  statistics 
of  the  charge  stored  between  the  barriers'^  and  on  the  scattering  matrix  approach  to  charge 
transport^. 

For  quantum  point  contacts  an  expression  of  the  noise  spectral  density  at  zero  frequency 
has  been  obtained  by  Lesovik®  and  by  Biittiker”^  using  a  second  quantized  representation  of  the 
current  operator.  Beenakker  and  Van  Houten®  have  obtained  a  semi-classical  derivation  of  the 
same  result. 


NOISE  IN  DOUBLE-BARRIER  DEVICES 

In  this  paper  we  discuss  the  shot  noise  reduction  in  DBRTSs  and  QPCs,  and  investigate 
the  differences  in  the  origin  of  such  reduction. 

We  first  examine  the  problem  of  excess  noise  in  DBRTSs:  the  theories  in  Ref.  4  and  5 
produce  results  with  a  different  frequency  dependence  for  the  shot  noise  suppression  factor  r], 
but  agree  on  the  value  of  ri  for  zero  frequency: 


/;(0)  =  1  -  (1) 

where  Tres  is  the  transmission  coefficient  of  the  double-barrier  structure  at  resonance.  Tres  can 
be  expressed  as  a  function  of  the  transmission  and  reflection  coefficients  T]_,T2  of  the  single 
barriers.  By  summing  the  amplitude  scattering  series^,  including  the  direct  term  and  all  the 
possible  multiply  reflected  ones,  we  obtain,  at  resonance,  the  expression: 


T  -  f  ^ 


(2) 


For  Ti,T2  much  smaller  than  unity,  as  in  the  practical  examples  of  resonant  tunneling  devices, 
we  have,  as  a  function  of  the  ratio  a  between  Ti  and  T2, 


4a 

(1-Ka)2’ 


(3) 
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therefore 


l  +  a^ 

(1  +  ap- 


(4) 


Looking  at  the  problem  from  a  macroscopic,  circuital  point  of  view,  we  can  consider  the 
case  of  two  distinct  tunneling  junctions  connected  by  a  wire:  each  of  them  can  be  represented 
with  a  current  noise  generator  with  power  spectral  density  Sj  -  2ql  in  parallel  with  a  resis¬ 
tor  (i?i, i?2) whose  value  is  inversely  proportional,  through  the  constant  /3,  to  the  transmission 
coefficient  of  the  corresponding  barrier  (see  Fig.  1).  /  is  the  bias  current  and  q  is  the  electron 
charge.  If  the  average  time  spent  by  an  electron  between  the  two  junctions  is  much  longer  than 
the  observation  time,  the  two  generators  can  be  considered  as  independent.  The  contribution 
to  the  total  noise  current  from  the  generator  corresponding  to  the  left  barrier  is 


5i  = 


Ri 

Ri  +  R2 


) 


2 


5/, 


(5) 


while  52,  for  the  other  generator,  is  given  by  the  same  expression  with  Ri  and  R2  interchanged. 
Being  the  generators  uncorrelated,  the  power  spectral  densities  are  additive,  therefore,  once 


again. 


1  +  a^ 

(1  -f-  a)2 ' 


(6) 


The  methods  in  Ref.  3-5  do  not  take  into  account  the  displacement  current,  but  only  the 
conduction  current.  The  approach  in  Ref.  10  represents  an  improvement  from  this  point  of  view, 
including  also  the  contribution  of  the  displacement  current.  It  also  allows  an  explanation  of  the 
increase  with  respect  to  the  full  shot  noise  level  observed  in  some  cases.  This  is  explained  as  a 
consequence  of  electrons  going  back  into  the  emitter  contact.  In  the  hypothesis  of  completely 
uncorrelated  input  and  output  pulses  and  of  no  re-emission  back  into  the  left  contact,  the  shot 
noise  reduction  factor  is  given’-'^  by: 


7]  =  1  +  2(f){(f)  -  1),  C^) 

where  (j)  is  the  ratio  between  the  charge  carried  by  one  of  the  two  pulses  and  the  electron  charge. 
The  derivation  of  the  value  of  this  ratio  is,  in  general,  non-trivial,  but  in  the  particular  case  of 
symmetrical  barriers  <f>  =  0.5  from  evident  symmetry  considerations.  Therefore  also  with  this 
approach  the  shot  noise  is  reduced  by  one  half  for  symmetrical  barriers. 

From  the  above  discussion  we  obtain  quite  singular  a  result:  very  different  approaches, 
starting  from  apparently  different  hypotheses,  lead  to  exactly  identical  results.  The  calculation 
in  Ref.  3,  for  example,  does  not  make  any,  at  least  explicit,  assumption  about  pulse  indepen¬ 
dence,  while  the  derivation  in  Eq.(5-6)  relies  on  such  independence,  but  does  not  require  require 
the  effect  of  the  exclusion  principle.  Still,  they  yield  the  very  same  result  for  the  shot  noise 
suppression  factor. 

Let  us  apply  the  current  pulse  representation  in  a  more  detailed  example.  If  we  consider  a 
random  process,  representative  of  the  current  through  the  DBRTS,  whose  realizations  are  made 
up  of  pairs  of  current  pulses  corresponding  to  the  crossing  of  the  two  barriers  by  an  electron, 
we  can  compute  its  autocorrelation  function  and,  from  it,  the  associated  power  spectral  density. 
If  the  escape  probability  is  constant  in  time,  as  it  happens  for  the  emission  probability  out 
of  a  quantum  well,  the  time  the  electron  spends  between  the  barriers  is  well  represented  by  a 
random  variable  with  exponential  distribution  and  mean  value  a.  The  main  constraint  that 
must  be  imposed  for  this  process  to  be  representative  of  the  current  in  a  DBRTS  is  that  the 
time  integral  of  the  two  current  pulses  corresponding  to  the  same  electron  (one  pulse  for  entering 
the  well  region  and  one  for  leaving  it)  must  equal  q,  the  electron  charge.  In  Fig.  2  we  report 
the  autocorrelation  function  for  the  current  fluctuations,  in  the  hypothesis  of  rectangular  pulses 
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with  an  identical  duration  (symmetrical  barrier)  of  2  x  10“^^  s  separated  by  an  exponentially 
distributed  time  with  average  value  cr  =  4.2  x  10“^^  s.  The  time  constants  we  have  chosen  differ 
only  by  an  order  of  magnitude  for  graphic  representation  convenience. 


Fig.  1  Equivalent  noise  circuit  of  two  Fig.  2  Autocorrelation  function  of  the 

tunnel  junctions  in  series.  current  pulses  in  a  DBRTS. 

There  are  a  linear  part  (which  appears  logarithmic  because  of  the  logarithmic  scale  on  the 
ordinate  axis),  corresponding  to  the  autocorrelation  of  each  single  pulse  and  a  long  exponential 
tail  due  to  the  correlations  between  the  input  and  output  pulses.  The  power  spectral  density 
at  zero  frequency  is  given  by  four  times  the  integral  of  the  autocorrelation  function^.  It  is 
easy  to  show  that  the  contribtition  from  the  linear  part  of  the  autocorrelation  function  yields 
exactly  one  half  of  the  full  shot  noise  level,  whilb  the  exponential  part  would  yield  the  other 
half.  Therefore,  if  the  observation  time  is  much  longer  than  u,  we  should  recover  the  full  shot 
noise  level,  notwithstanding  the  fact  that  the  separation  between  the  two  pulses  due  to  the 
same  electron  is  a  random  variable.  If,  instead,  there  were  some  mechanism,  such  as  slow  time 
constants  associated  with  the  capacitance  and  the  differential  resistance  of  the  tunnel  junctions, 
capable  of  extending  the  dwell  time  of  the  electron  in  the  DBRTS,  the  measured  noise  would  be 
one  half  of  the  full  shot.  This  is  true  as  long  as  the  “correlation  time”  between  the  input  and 
output  pulses  is  longer  than  the  observation  time,  i.e.,  in  the  case  of  an  FFT  signal  analyzer, 
the  length  of  each  time  record. 

Unfortunately,  Ref.  1  is  the  only  experimental  reference  on  this  topic:  more  data  are  needed 
in  order  to  decide  which  of  the  hypotheses  we  have  discussed  holds  true  in  DBRTSs. 

NOISE  IN  QUANTUM  POINT  CONTACTS 

In  quantum  point  contacts  the  number  of  current  carrying  states  is  limited  (the  current 
itself  is  limited  by  the  number  of  available  conduction  channels),  thus  the  exclusion  principle 
and  the  fact  that  electrons  are  fermions  play  an  important  role,  leading  to  a  suppression  of  the 
shot  noise  which  can  be  total. 

We  shall  now  show  how  the  current  pulse  representation  allows  a  simple  and  intuitive 
explanation  of  this  phenomenon.  A  similar  demonstration  has  been  given,  with  orthogonal 
wave-packets,  by  Martin  and  Landauer^^. 

When  all  the  current  carrying  states  are  occupied,  a  new  electron  is  prevented  from  entering 
the  constriction:  for  transmission  T  =  1,  the  current  carried  by  each  state  is  represented  by  an 
orderly  sequence  of  contiguous  pulses,  therefore  there  are  no  fluctuations  and  noise  is  totally 
suppressed.  If  there  is  a  region  with  transmission  coefficient  less  than  unity,  each  electron  has  a 
probability  T  of  traversing  it  and  a  probability  1  -  T  of  being  reflected.  The  current  is  in  this 
case  represented  by  a  process  randomly  high  or  low  with  probabilities  T  and  1  -  T  during  each 
time  slot  corresponding  to  the  transit  of  one  electron.  Let  us  evaluate  the  autocorrelation  r(r) 
of  the  current  fluctuations: 


r(r)  {6i{t)Si{t  +  r))  =  +  r))  -  . 


(8) 
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If  we  define  the  length  of  each  current  pulse  as  tp  —  q/Ipi  where  Ip  is  the  instantaneous  current 
associated  with  the  pulse,  for  0  <  r  <  tp  we  have 

r(r)  =  llT  (l  -  f )  + 

where  the  first  term  in  the  right  hand  side  is  due  to  the  overlap  of  the  same  pulse,  the  second 
term  comes  from  the  overlap  between  different  pulses  and  the  third  corresponds  to  the  square 
of  the  average  current.  Beyond  tp  the  autocorrelation  vanishes  because  different  pulses  are 
independent.  Therefore  r(r)  has  a  triangular  shape  and  the  power  spectral  density  is  given  by 
four  times  its  area, 

Si{0)  =4^4^  T(1  -  T)f  =  2ql{l  -  T),  (10) 

■‘P 

in  agreement  with  the  results  derived  in  Ref.  6,  7,  12.  Within  this  picture  it  is  also  easy  to 
understand  why,  for  very  small  values  of  T,  the  full  shot  noise  value  is  recovered:  occurring 
at  a  low  rate,  the  current  pulses  are  not  significantly  affected  by  the  non-overlap  rule,  and  the 
Poisson  process  limit  is  reached. 
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ABSTRACT 

The  noise  properties  of  polysilicon  emitter  bipolar  transistors  are  studied.  The 
influences  of  the  various  chemical  treatments  and  annealing  temperatures,  prior  and  after 
polysilicon  deposition,  on  the  noise  magnitude  are  shown.  The  impact  of 
hot-electron-induced  degradation  and  post-stress  recovery  on  the  base  and  collector  current 
fluctuations  are  also  investigated  in  order  to  determine  the  main  noise  sources  of  these 
devices. 


INTRODUCTION 

A  number  of  papers  have  been  published  on  low-frequency  noise  in  bipolar  junction 
transistors  (BJT’s).  The  main  advantages  of  these  devices  are  associated  with  their  high 
speed  operation  and  low  noise  properties.  Up  to  now,  the  1/f  noise  in  bipolar  transistors  has 
been  discussed  in  terms  of  mobility  fluctuations  [1,2,3]  and  also  in  terms  of  carrier  number 
fluctuations  [2,3].  Moreover,  there  is  no  agreement  on  the  location  of  the  noise  sources 
[l-6] .  In  particular,  polysilicon  emitter  BJT’s,  which  have  a  very  specific  structure,  seem  to 
present  a  different  noise  behavior  from  the  conventional  bipolar  transistors  [5-7] .  Indeed, 
the  noise  in  these  structures  has  been  mainly  attributed  to  the  fluctuations  associated  with 
carrier  interactions  with  the  silicon/polysilicon  interface  [5-7].  On  the  other  hand,  aging 
experiments  on  conventional  BJT’s  have  shown  that  interface  states  created  after  degradation 
at  the  Si-SiO^  interfaces  can  play  an  important  role  on  the  noise  magnitude  [8]  . 

This  paper  deals  with  CMOS  compatible  self-aligned  etched-polysilicon  emitter 
BJT’s  for  BiCMOS  technology  (NPN  Devices)  [lO].  We  show  the  dependences  of  the  low 
frequency  (1/f)  collector  and  base  current  spectral  densities,  obtained  for  different 
technological  variations  and  various  geometries.  In  addition,  the  influence  on  the  noise 
properties  of  a  reverse  bias  of  the  emitter-base  junction,  which  induces  a  significant 
degradation  of  the  current-voltage  characteristics,  is  underlined.  The  effect  of  a  forward  bias 
recovery  on  the  gain  and  the  noise  magnitude  of  the  BJT’s  is  also  analysed.  These  various 
investigations  allow  us  to  determine  the  physical  nature  and  the  location  of  the  noise 
sources. 


RESULTTS  AND  DISCUSSION 

The  influence  of  variations  in  the  technological  process  has  been  studied  for 
different  chemical  treatments  (RCA,  HF)  given  to  the  silicon  surface  prior  to  polysilicon 
deposition,  and  annealing  temperatures  after  polysilicon  deposition  (1030°  C  -  1100°C).  The 
structures  with  an  HF  etch  have  a  very  thin  and  non-uniform  oxide  layer  averaging  ^  0.4  nm 
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at  the  interface,  which  may  be  discontinuous.  The  RCA  clean  has  been  observed  to  produce 
1-1.4  nm  of  relatively  uniform  oxide  layer  at  the  interface  [9] .  The  RTA  annealing  leads  to 
the  break-up  of  the  interfacial  layer,  this  effect  occuring  more  rapidly  at  higher  temperatures 
[9] .  These  technological  treatments  have  been  shown  to  have  a  significant  impact  on  the 
gain  of  the  BJT’s.  For  these  different  treatments,  we  have  studied  the  variations  of  the  base 
Sib  and  collector  Sic  current  spectral  densities  as  a  function  of  the  base  Ib  and  collector  Ic 
current  respectively,  for  a  large  emitter  surface. 

In  figure  1  are  shown  the  dependences  of  Sib  as  a  function  of  the  base  current  for 
the  same  device  structure  (1000x10  pLm^)  with  various  technological  processes.  A  RCA  clean 
with  a  RTA  at  1060“  C  (type  1),  for  which  an  important  interfacial  oxide  is  expected,  and  an 
HF  etch  with  a  RTA  at  1 100°  C  (type  2),  for  which  no  oxide  layer  is  expected,  are  used.  For 
these  transistors,  the  same  dependences  for  Sib  as  Ib  for  low  current  and  Ib^  for  strong 
current  appear.  However,  the  noise  is  between  0.5  and  1  order  of  magnitude  lower  for  the 
type  2  BJT’s  whatever  the  base  current  is.  On  the  other  hand,  the  same  collector  current 
spectral  density  Sic,  with  a  variation  as  Ic,  is  observed  at  low  Ic  for  both  devices  (Figure 
2).  However,  for  strong  collector  current,  a  difference  is  obtained,  with  a  variation  as  Ic^*^ 
for  the  transistor  of  type  1  and  a  dependence  as  Ic^  for  the  transistor  of  type  2  (Figure  2). 

These  results  point  out  that  the  influence  of  the  interfacial  oxide  treatment  is  higher 
for  the  base  current  noise.  They  can  be  correlated  with  the  strong  influence  of  the 
polysilicon/Si  interface  which  is  observed  for  the  base  current,  and  emphasize  in  particular 
the  fundamental  difference  for  the  transport  of  electrons  and  holes  accross  this  oxide  layer. 

For  small  geometry  BJT’s  (2x1  /im^  or  5x2  /zm^),  significant  differences  compared 
with  large  surface  have  been  obtained.  Variations  as  Ib^*®  and  as  Ic^*®  have  been  observed 
whatever  the  current  is  in  the  device,  for  the  base  and  collector  current  spectral  density 
respectively  (see  for  instance  the  initial  curve  of  figure  5).  Nevertheless,  as  for  large 
geometry  BJT’s,  the  influence  of  the  interfacial  oxide  is  higher  for  the  base  current  noise. 

The  influence  of  a  reverse  bias  in  the  emitter-base  junction  on  the  noise  behavior, 
which  has  been  shown  to  induce  a  significant  degradation  of  the  gain  of  polysilicon  emitter 
BJT’s  [ll],  is  analysed  in  detail.  Indeed,  hot -carriers  are  created  at  the  periphery  of  the 
emitter-base  junction,  where  a  large  electric  field  exists  due  to  the  presence  of  heavy 
dopings.  These  hot-carriers  have  a  strong  impact  on  the  creation  of  interface  states  at  the 
Si-Si02  interface  and  on  the  trapping  in  this  oxide.  An  important  aging  can  result  from  these 
effects,  which  is  underlined  by  an  increase  of  the  base  current  of  the  devices.  Therefore,  it  is 
very  useful  to  study  the  influence  of  these  degradations  on  the  noise  behavior  of  the  BJT’s. 

A  reverse  bias  in  the  emitter-base  junction  has  been  applied  for  a  sufficient  time  in 
order  to  observe  a  significant  degradation  of  the  base  current  at  low  Vbe-  After  this  aging 
experiment,  the  collector  current  spectral  density  is  unchanged  at  low  current,  and  is  slightly 
modified  at  high  current  (Figure  3).  On  the  other  hand,  unlike  Sic,  a  strong  variation  (~2 
decades)  appears  in  the  base  current  noise  whatever  Ib  is  (Figure  4).  This  very  interesting 
result,  obtained  whatever  the  geometry  is,  shows  that  the  defects  created  at  the  Si-Si02 
interface  at  the  periphery  of  the  emitter-base  junction  have  a  fundamental  impact  on  the 
fluctuations  in  the  base  current  and  a  very  low  influence  on  the  fluctuations  of  the  collector 
current. 

The  noise  in  the  base  current  can  therefore  primarily  be  attributed  to  dynamic 
exchanges  of  carriers  with  the  Si-Si02  interfaces  at  the  periphery  of  the  emitter-base 
junction,  and  with  the  interfacial  oxide  layer  at  the  silicon/polysilicon  interface  which  was 
also  shown  to  be  important.  Nevertheless,  the  noise  in  the  collector  current  seems,  at  low  Ic, 
to  be  independent  of  the  Si-Si02  interface  degradation  and  of  the  oxide  layer  at  the 
polysilicon/Si  interface.  Therefore,  at  low  Ic,  it  can  be  concluded  that  this  collector  current 
noise  can  be  mainly  attributed  to  fluctuations  in  carrier  mobility.  On  the  other  hand,  at  high 
Ic,  the  influence  of  the  interfacial  oxide  and  of  the  degradation  of  the  periphery  of  the 
emitter-base  junction  shows  that  an  additionnal  mechanism  probably  associated  with  carrier 
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number  fluctuations  has  to  be  taken  into  account. 

The  effect  of  a  forward  bias  on  the  base  current  and  noise  behaviors  after  a  reverse 
bias  aging  is  also  analysed.  After  forward  biasing  the  emitter-base  junction  for  a  sufficient 
time,  the  forward  and  reverse  base  currents  are  slightly  reduced  and  increased,  respectively. 
Moreover,  the  base  current  noise  is  strongly  lowered  after  this  experiment  (Figure  5,  for  a 
5x2  /zm2  device).  These  phenomena  arc  attributed  to  (1)  the  injection  of  holes,  during 
degradation  at  high  reverse  Vbe,  in  the  oxide  at  the  periphery  of  emitter-base  junction,  and 
(2)  the  partial  detrapping  of  these  holes  by  injection  of  electrons  in  this  oxide  during  a 
conventional  operation  of  the  BJT’s  with  a  forward  Vbe-  These  results  underline  the  impact 
of  a  dynamic  operation  for  which  both  forward  and  reverse  biases  are  applied. 

CONCLUSION 

The  noise  properties  of  polysilicon  emitter  bipolar  transistors  have  been  studied.  The 
influences  of  the  various  chemical  treatments  and  annealing  temperatures,  which  are  used  in 
order  to  control  the  interfacial  oxide  prior  and  after  polysilicon  deposition,  on  the  noise 
magnitude  have  been  shown.  The  defects  created  at  the  Si-Si02  interface  at  the  periphery  of 
the  emitter-base  junction  after  aging  have  been  observed  to  affect  substantially  the  base 
current  noise  and  to  have  a  low  influence  on  the  collector  current  noise  of  the  devices.  Tlie 
main  source  of  base  current  fluctuations  can  be  attributed  to  dynamic  exchanges  of  carriers 
with  the  Si-Si02  interface  at  the  periphery  of  the  emitter-base  junction,  the  effect  of  the 
interfacial  oxide  layer  being  less  significant.  The  main  source  of  collector  current 
fluctuations  can  be  attributed  to  carrier  mobility  at  low  current.  At  high  current,  an 
additional  mechanism  associated  with  carrier  number  fluctuations  due  to  the  presence  of  the 
oxide  layers  seems  also  to  be  important. 
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Fig.  1  :  Base  current  spectral  density  versus 
Ib  for  various  technological  processes 
(type  1  :  RCA  clean,  RTA  1060*  C; 

type  2  :  HF  etch,  RTA  1100*C).  f=10  Hz, 
Vce  =  2V. 
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Fig.  2  :  Collector  current  spectral  density 
versus  Ic  for  various  technological 
processes  (type  1  :  RCA  clean,  RTA 
1060*  C;  type  2  :  HF  etch,  RTA  1100*C). 
f-10  Hz,  Vce  =  2V. 


Fig.  3  :  Collector  current  noise  as  a  Fig.  4  :  Base  current  noise  as  a  fimction  of 
ftinction  of  Ic  before  and  after  aging  with  Ib  before  and  after  aging  with  strong 
strong  reverse  Vbe*  f  “  1  Hz,  Vce  *  2V.  reverse  Vbe-  f  “  1  Hz,  Vce  "  2V. 


Fig.  5  :  Base  current  noise  versus  Ib  after 
aging  with  a  reverse  Vbe  of  6  V  during 
30  mn,  and  several  forward  bias  recoveries 
(Vbe  “  0-8  V,  Vce  “  2  V)  during  1  and 
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ABSTRACT 

The  low  frequency  noise  behaviour  in  dual-collector  lateral  npn  and  pnp  bipolar 
transistors  is  presented  for  various  bias  conditions  in  both  forward  active  and 
saturation  regimes.  The  correlation  in  collector  output  noise  is  very  high  in 
medium  injection  and  degrades  at  high  injection,  depicting  a  behaviour  analogous 
to  the  forward  current  gain  of  the  device.  The  high  degree  of  coherence  makes  such 
devices  potentially  useful  in  high  resolution  magnetic  field  sensing  applications. 


INTRODUCTION 

The  low  frequency  noise  behaviour,  and  in  particular,  the  correlation  in  output 
noise  has  been  investigated  for  a  wide  variety  of  multi-terminal  devices.  Although 
these  device  structures  can  be  employed  for  the  detection  of  magnetic  fields,  the 
minimum  detectable  field  is  ultimately  limited  by  the  intrinsic  device  noise 
behaviour.  For  example,  in  dual-drain  MOSFETs  the  output  noise  is  independent  in 
the  linear  region  but  a  negative  coherence  is  observed  when  the  device  is  operated  in 

the  saturation  region^.  In  modulation  doped  AlAs/GaAs  superlattice  dual-drain 
de\aces,  the  coherence  is  a  strong  function  of  frequency  due  to  the  predominance  of 

different  noise  mechanisms  at  different  frequency  ranges^.  With  dual-collector 
transistors  fabricated  in  MOS  or  bipolar  technologies,  the  degree  of  coherence 
between  output  collectors  turns  out  to  be  as  high  as  99.999%,  independent  of  the 
frequency.  As  a  result,  the  low  frequency  noise,  which  is  predominantly  1/f,  is 
virtually  eliminated  in  the  differential  output  which  is  at  least  five  orders  of 
magnitude  less  than  the  single-ended  counterpart.  This  feature  makes  such 

structures  extremely  desirable  for  resolution  of  low  field  strengths  ^  (B  <  |iT). 

In  this  paper,  the  low  frequency  noise  behaviour  in  lateral  npn  and  pnp  dual¬ 
collector  structures  is  studied  for  various  bias  conditions.  In  particular,  we 
investigate  the  dependence  of  the  noise  correlation  between  output  collectors  for 
transistors  operated  at  different  injection  levels  in  forward  active  as  well  as  in  the 
saturation  regimes. 


DEVICE  THEORY  AND  MEASUREMENT  TECHNIQUE 

The  samples  considered  here  are  dual-collector  lateral  npn  and  pnp  transistors 
fabricated  in-house  using  a  bipolar  process.  A  cross  section  of  the  fabricated 
structures  is  shown  in  Figs.  1  and  2.  In  principle,  the  structures  are  sensitive  to 
magnetic  fields  parallel  to  the  chip  surface,  although  the  pnp  transistor  suffers 
from  inherent  drawbacks  from  the  viewpoint  of  circuit  integration  because  of  its 
collectors  in  the  substrate.  However,  the  correspondence  between  the  correlation 
behaviour  and  injection  level  observed  in  this  structure  will  equally  be  valid  for 
other  similar  structures.  The  P+  emitter  of  the  pnp  transistor  is  surrounded  by  an 
N+  ring  to  supress  lateral  injection.  With  an  appropriate  N+  ring  voltage,  such 
configurations  have  been  found  to  considerably  increase  the  device  sensitivity  to 
magnetic  fields'^. 
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The  forward  current  gain,  jBp  of  the  npn  transistor  was  approximately  constant  at 

110  for  a  wide  range  of  base  currents  ranging  from  10  to  46  pA.  However,  with  the 
pnp  transistor  the  current  gain  was  strongly  dependent  on  bias;  the  maximum  J5p 

was  51  at  a  base  current  of  3  pA  and  degraded  to  30  at  33  pA.  The  coherence  r  was 
evaluated  based  on  measurement  of  the  single-ended  power  spectral  (S^x*  Syy)  and 

cross-spectral  (S^y)  densities,  viz.,  r(jf)  =  S^ydO/lS^xlf)  Syy(f)l.  The  measurements 
were  performed  with  appropriate  shielded  enclosures  and  by  using  low  noise  circuit 
components  and  amplifiers.  The  coherence  was  evaluated  using  a  HP3561  dynamic 
signal  analyzer.  The  detailed  measurement  procedure  is  given  in  Ref.  5. 


RESULTS  AND  DISCUSSION 

The  behaviour  of  output  collector  noise  was  investigated  with  the  transistors  biased 
at  different  injection  levels  and  operation  modes.  No  noticeable  difference  was 
observed  between  the  single-ended  spectra,  S^x  Syy.  A  near  ideal  1/f  noise 

characteristic  was  observed  for  both  npn  and  pnp  devices  for  frequencies  up  to  10 
kHz  and  1  kHz,  respectively.  In  forward  active  operation  under  medium  injection, 
the  single-ended  noise  current  power  spectral  densities  (PSDs)  increased  with 
increasing  collector  current.  The  differential  noise  current  PSDs  were  consistently 
at  least  50  dB  lower  than  the  single-ended  counterparts,  implying  a  correlation  in 
noise  very  close  to  unity  between  the  output  collector  terminals.  But,  as  the  level  of 
injection  was  increased,  a  degradation  in  the  degree  of  coherence  was  observed. 
This  is  illustrated  in  Figs.  3  and  4  which  show  a  correspondence  in  correlation 
behaviour  with  the  forward  current  gain  for  the  respective  npn  and  pnp  transistors. 
For  both  devices,  we  observe  that  the  degree  of  coherence  is  the  highest  at  moderate 
injection  levels  when  the  devices  operate  at  the  regime  of  maximum  current  gain. 

The  exact  cause  of  degradation  in  coherence  with  bias  is  uncertain,  although  this 
may  be  caused  by  the  same  effects  responsible  for  the  reduction  in  current  gain  with 
bias,  i.e.,  the  predominance  of  generation-recombination  current  in  the  space 
charge  layer  at  low  injection  and  emitter  crowding  effects  at  relatively  large  base 
currents  at  high  injection  levels.  It  is  well  known  that  in  bipolar  transistors,  the 
low  frequency  noise  originates  primarily  from  the  emitter-base  junction  and 
includes  both  surface  and  bulk  effects.  In  common-emitter  configuration,  the  low 
frequency  fluctuations  are  amplified  through  to  both  collectors  and,  by  virtue  of 
device  S5mimetiy,  these  fluctuations  are  simultaneously  felt  by  both  collectors.  At 
the  limits  of  very  low  and  very  large  base  currents  (leading  to  degradation  in  J5p), 

there  is  reduced  spatial  coherence  in  these  noise  sources.  In  particular,  as  the  level 
of  injection  increases,  there  is  appreciable  potential  drop  in  the  base  region  which 
possibly  lessens  the  degree  of  spatial  coherence  of  these  fluctuations  at  the  emitter- 
base  junction,  consequently,  degrading  the  correlation  in  collector  outputs.  In  fact, 
in  the  limit  of  very  high  injection,  the  output  collector  noise  becomes  statistically 

independent^.  The  above  predictions  are  consistent  with  observations  of 

temperature  dependence  of  noise  behaviour  performed  for  lateral  npn  structures,^’^ 
over  the  range  250  K  <  T  <  373  K.  Although  the  single-ended  noise  increases  with 
increasing  temperature,  the  correlation  in  output  noise  turns  out  to  be  temperature 
independent;  the  spatial  correlation  in  fluctuations  at  the  emitter-base  space- 
charge  layer  appears  to  be  affected  only  by  the  magnitude  of  the  base  current  and  not 
explicitly  by  variations  in  temperature. 

In  contrast  to  the  dependence  of  the  output  noise  on  bias  current  in  forward  active, 
the  single-ended  noise  current  PSDs  under  saturation  conditions  decreased  with 
Increasing  collector  (or  base)  currents,  and  was  strongly  frequency  dependent. 
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Figure  5  illustrates  the  noise  behaviour  for  the  pnp  transistor  for  various  collector 
currents  as  the  transistor  moves  from  forward  active  ~  23,  44,  and  165  pA)  into 
saturation  239,  405  pA).  The  dip  in  the  spectra  beyond  20  kHz  is  due  to  the 

degradation  in  the  transistor’s  a.c.  current  gain.  For  increasing  values  of  collector 
current  (Fig.  5),  the  values  of  the  base  current  increased  correspondingly  and  the 
transistor  current  gain  decreased  from  its  maximum  value  to  30.  The 
corresponding  behaviour  of  coherence  is  shown  in  Fig.  6.  In  the  forward  active 
regime,  the  degree  of  coherence  is  close  to  unity  but  it  degrades  with  increasing 
frequency  and  when  operated  in  saturation:  the  degree  of  coherence  being  the 
highest  at  the  edge  of  saturation.  The  exact  causes  of  the  pronounced  degradation  at 
higher  frequencies  and  when  saturated,  is  presently  unclear.  It  may  be  possibly  due 
to  effects  of  capacitive  coupling  between  collectors  which  increases  as  the  transistor 
is  driven  harder  into  saturation. 


CONCLUSIONS 

The  low  frequency  noise  behaviour  in  lateral  dual-collector  npn  and  pnp 
transistors  has  been  investigated  for  various  bias  conditions  in  both  forward  active 
and  saturation  regimes.  With  the  transistor  in  forward  active,  the  single-ended 
noise  current  PSD  increases  with  increasing  collector  (or  base)  currents,  with  the 
degree  of  coherence  being  the  highest  when  the  forward  current  gain  of  the 
transistor  is  maximum.  The  coherence  degrades  at  high  injection  levels,  which  can 
be  attributed  to  potential  drops  in  the  base  region  which  become  appreciable  at 
relatively  large  base  currents.  In  the  saturation  regime,  however,  the  dependence  of 
the  output  noise  on  bias  is  reversed.  The  single-ended  noise  current  PSD  decreases 
with  increasing  collector  (or  base)  current  and  there  is  correspondingly  a 
degradation  in  the  coherence.  The  degree  of  coherence  is  maximum  only  at  the  edge 
of  saturation  and  is  highly  frequency  dependent. 
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Fig.  1  Cross  section  of  lateral  dual¬ 
collector  npn  transistor. 


Fig.  2  Cross  section  of  dual¬ 
collector  pnp  transistor. 
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Fig.  3  The  coherence  and  current  jrig.  4  As  in  Fig.  3,  but  for  the  pnp 

gain  behaviour  as  a  function  transistor, 

of  bias  currents  for  the  npn 
transistor. 


Frequency  (Hz) 


Fig.  5  The  single-ended  output 

noise  for  the  pnp  in  forward 
active  and  saturation. 
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Fig.  6  The  coherence  in  collector 
outputs  as  a  function  of 
frequency  in  forward  active 
and  saturation. 
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ABSTRACT 

Low-frequency  noise  measurements  on  GaAlAs/GaAs  Heterojunction  Bipolar 
Transistors  are  reported.  Noise  spectra  exhibit  excess  noise  composed  of  1/f  noise 
and  several  generation-recombination  (g-r)  levels.  To  try  to  localise  and  identify  noise 
sources,  results  from  various  measurement  modes  and  at  different  working 
temperatures  are  investigated. 


INTRODUCTION 

Until  now,  the  low-frequency  noise  measurements  on  Heterojunction  Bipolar 
Transistors  (HBTs)  publishedb2,3,4  suggest  that  the  excess  noise  is  mainly  due  to  the 
emitter-base  junction  of  the  transistor.  The  aim  of  this  paper  is  to  try  to  locate  and  to 
identify  the  noise  sources.  First,  classical  DC  characteristics  on  GaAlAs/GaAs  HBTs 
are  presented.  Second,  several  experiments  in  different  set-up  configurations  for 
noise  measurements  at  room  temperature  are  related.  Finally,  temperature  evolutions 
of  the  spectra  are  shown  and  interpreted  in  terms  of  trap  levels  responsible  for  the  g-r 
noise. 

DEVICE  CHARACTERISTICS 


Npn  GaAlAs/GaAs  HBTs  supplied 
by  CNET  Bagneux  are  unpassivated  and 
processed  with  a  non-self-aligned  double 
mesa  technology.  Base  is  C-doped  (4  10^^ 
cm"^).  Emitter  area  is  2x20pm^.  Gummel 
Plots  (Fig.  1.)  show  a  typical  non-constant 
variation  of  the  static  gain,  3,  with  bias. 
Values  concerning  the  collector  current 
are  about  1.54  lO'^^A  for  the  saturation 
current  and  1 .28  for  the  ideality  factor  n  at 
300K.  This  n  value  significantly  deviates 
from  the  ideality  factor  of  1  usually 


Fig.  1.  Gummel-Plot 
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observed  for  Be-doped  HBTs.  Static  current  gain  values  reach  100  and  above  as 
reported  for  these  C-doped  transistors 

NOISE  MEASUREMENTS 


Noise  measurements  were 
performed  in  the  normal  region,  at  Vce 
— ►  equal  to  1.5V  in  the  common  emitter 
r  configuration  for  frequencies  ranging 
ser  from  IHz  to  100  kHz,  and  extended  to 
IMHz  in  some  cases.  Noise  voltage  is 
measured  at  the  output  or  at  the  input  of 
”  the  device  through  the  bias  collector 
resistance  RL  or  the  bias  base  resistance 
Rb,  respectively,  as  shown  on  figure  2. 
Expressions  for  the  spectral  densities  at 
the  input  and  at  the  output  are  calculated 


FFT  \ 
Analyser 


^  FFT 
Analyser 


Fig.  2.  Measurement  Set-up 


with  a  simplified  equivalent  circuit,  and  by  neglecting  series  resistances.  If  in  is  the 
dynamic  input  resistance  of  the  transistor  the  spectral  density  Svi  at  the  input  is: 

,  f  Rbrn  Vr^kT 

-  -FTT  +  Sib  (1) 

l^Rb  +  r^  j  Rb  j 

If  life  is  the  dynamic  current  gain  of  the  transistor  the  spectral  density  Svo  at  the 
output  is  given  by: 

Sv<,=  4kTRL  +  RL'  +  (4kTRb  +  Rb'  Sib)  (2) 


IS 

Svol 

15 

17 

■  le 

f  (Hz) 

Spectral  densities  for  Ib=20pA  at 
300K 


A  series  of  noise  measurements 
were  undertaken  at  room  temperature 
with  Rbl=50  Q  at  the  input  of  the 
transistor.  First  RL  is  set  to  50  Q,  and 
then  the  output  is  short-circuited  by  a 
capacitor.  In  both  cases,  for  the  same 
bias,  spectral  densities  Svil  are  the  same, 
indicating  no  interaction  of  the  output 
onto  the  input  in  our  measurement 
frequency  range  and  for  RL  values  up  to 
50  Q.  An  example  of  the  spectral  density 
Svil  is  given  figure  3. 


At  the  output,  two  cases  are  studied: 

with  Rbl«r7c,  (here  Rbl=50  H),  the  spectral  density  Svol  can  be  expressed  by: 


Svo  1 «  4  kT  RL  +  lUrSic 


(3) 
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-  with  Rb2»r7t  (here  Rb2=320  kQ);  as  RL=Rbl,  the  spectral  density  Svo2  at  the 
output  and  Svil  at  the  input  can  be  related  by; 


Svo2a(Hfe)MSvil-4kTRbl)  (4) 

Expression  (4)  is  in  good  agreement  with  our  experimental  data.  Thus,  noise 
measurements  performed  at  the  output  with  Rb»r7i:  image  the  noise  from  the  input 
of  the  transistor. 

Whatever  the  base  bias  current  Ib,  all  spectra  measured  at  the  output  exhibit 
excess  noise.  The  same  behaviour  on  GaAlAs/GaAs  fIBTs  has  been  recently  reported 
by  different  authors  The  white  noise  is  nearly  reached  for  low  base  current  values 
at  IMHz  for  Svil  and  Svo2.  All  spectra  can  be  decomposed  into  a  1/f  component 
and  at  least  two  Lorentzians  by  using  the  following  expression: 


Ci 


1  +  (coxi)' 


Svwh 


(5) 


with  Svwh  the  theoretical  white  noise  calculated  with  equations  (1)  and  (2).  An 
example  is  given  on  figure  4. 

All  measurements  at  room  temperature  were  performed  in  the  frequency  range  IHz- 
IMHz  with  the  base  current  Ib  varying  from  5  to  80  pA.  All  b  coefficients  used  for 
the  curve-fit  are  quasi-quadratic  with  Ib  and  vary  at  the  output  as  Ib^-^^  for  Svo2, 
lb2.10  fQj-  Svol,  and  at  the  input  as  Ib^^  when  Ib>10  pA.  This  suggests  the  base  or 
the  base-emitter  junction  to  be  responsible  for  the  1/f  noise. 

Three  Lorentzians  are  needed  to  fit  Svo2  and  Svil,  and  only  two  for  Svol.  All  g-r 
time  constants  extracted  from  the  fits  vary  experimentally  with  base  current^>^  as  Ib‘f 
They  are  nearly  identical  for  Svil  and  Svo2.  With  Rbl,  Svol  has  two  very  close 
levels,  as  shown  by  the  plateau  on  figure  3.  In  all  cases,  the  coefficient  r  of  the  last 
level  is  the  same  and  equal  to  0.89. 


Fig.  4.  Spectral  density  showing  the  various  Fig.  5.  Arrhenius  Plot  for  Ib-5pA 


components  for  Ib-20pA  at  T=300K 


To  characterise  these  g-r  levels  and  to  determine  the  activation  energies  E^  of 
the  associated  traps,  noise  measurements  at  the  output  with  Rb2  were  performed  in 
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the  temperature  range  300K-77K.  The  g-r  time  constants  can  be  expressed  in  terms 
of  Fermi-Dirac  statistics  by: 


1 

X 


=  av^,  Nc  exp 


(Ef-Ec) 

kT 


(6) 


with  a  capture  cross-section,  B  a  spin  degeneracy  factor,  Fermi  level.  The  thermal 
velocity  v^|^  is  proportional  to  T^^^,  the  effective  density  of  states  Nc  is  proportional 
to  T^^^.  By  plotting  ^(T^t)  versus  1/kT  (Arrhenius  plot)  the  slope  will  give  E^,  All 
spectral  densities  Svo2  were  simulated  with  equation  5.  From  283K  to  253K,  curves 
are  fitted  with  two  Lorentzians  having  cut-off  frequencies  about  a  decade  apart.  At 
233K  the  first  level  is  masked  by  a  new  "bump"  which  appears.  Below  233K,  the 
curves  are  smeared  out  and  at  least  four  levels  are  needed.  By  following  the  evolution 
of  each  Lorentzian  versus  temperature,  activation  energies  were  extracted  (Fig.  5). 
Ea  1=420  ±  40  meV  for  the  first  trap  level,  Ea2=210  +  20  meV  for  the  second  trap 
level,  Ea3=85  ±  lOmeV  for  the  third.  The  second  value  is  close  to  that  found  by 
Costa  et  al.^.  The  third  value  has  been  found  elsewhere  for  a  shallow  level  k There  is 
too  much  inaccuracy  on  the  fourth  trap  to  extract  the  activation  energy  value 

CONCLUSION 

Our  noise  measurements  on  GaAlAs/GaAs  HBTs  show  that  the  1/f  noise  observed  at 
room  temperature  can  be  associated  with  the  emitter-base  junction.  Studies  at  low 
temperatures  reveal  the  presence  of  two  or  more  g-r  components,  suggesting  that 
different  traps  are  active  in  different  temperature  regimes.  When  close  to  77K,  noise 
spectra  exhibit  a  broad  Lorentzian  with  a  1/f-like  slope,  due  to  the  numerous 
relaxation  time  constants.  Activation  energies  of  certain  traps  could  be  extracted.  The 
DX  center  may  be  a  possible  trap  candidate  as  proposed  by  Costa  et  al.^. 
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ABSTRACT 

The  aim  of  this  paper  is  to  show  (i)  that  the  total  output  current  pulses  of  the 
double-barrier  resonant-tunneling  structures  due  to  single  electrons  are  split  into  two 
parts  as  a  consequence  of  the  displacement  current  contribution  and  of  the  temporary 
storage  in  the  double  barrier  well,  and  (ii)  that  this  phenomenon  can  either  increase  or 
reduce  the  shot  noise  in  comparison  to  the  full  shot  noise.  The  noise  increase  is  due  to 
the  electrons  which,  after  being  stored  in  the  well,  return  to  the  emitter,  whereas  the 
noise  reduction  is  associated  to  those  which  cross  the  whole  structure. 

SPLITTING  OF  ELECTRON  CURRENT  PULSES 

Present  microelectronic  technologies  allow  the  fabrication  of  double-barrier 
resonant  tunneling  structures  (DBRTS),  whose  properties  are  being  intensively  investi¬ 
gated. 

The  aim  of  this  paper  is  to  show  that  the 
output  current  pulses  of  such  structures  due 
to  single  electrons  are  split  into  two  parts  as 
a  consequence  of  the  displacement  current 
and  of  the  temporary  storage  in  the  double 
barrier  well,  and  that  this  phenomenon  can 
either  increase  or  reduce  the  shot  noise  in 
comparison  to  the  full  shot  noise. 

To  the  first  end,  we  exploit  a  recent 
quantum  electrokinematics  theorem^  which 
takes  into  account  the  displacement  current 
due  to  the  motion  of  each  electron,  and 
which  allows  a  direct  evaluation  of  the  total 
output  current  due  to  the  electron  just  from 
its  probability  density. 

Let  us  apply  it  to  a  two  electrode  device 
(Fig.  1)  of  volume  D  with  a  surface  which  is 
constituted  of  an  external  part  Sa  and  of  the 
inner  surfaces  Sp  and  Sr  of  the  two 
electrodes  (for  instance,  the  n+  layers  of  the 
DBRTS)  between  which  the  voltage  V  is 
kept  constant. 

According  to  this  theorem  the  total  current  i(t)  entering  Q  across  Sr  at  time  t 
N 

becomes  i(t)=  X  i^(t), where  i^  is  the  current  pulse  due  to  the  p-th  of  the  N(t) 

p=l 

electrons  interacting  with  n  at  t;  ij_i,  in  its  turn,  can  be  expressed  as  a  function  of  the 
charge  density  p|i(r,t)  only  of  p-th  electron  itself. 
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To  this  purpose  let  us  use  Q.l  (11r)  to  indicate  the  volume  of  the  region  on  the  left 
(right)  of  Sl  (Sr)  (Fig.  1)  which  is  enclosed  by  Sl  (Sr)  itself,  by  the  external  surface 
of  the  device  and  of  any  other  parts  of  the  closed  loop  in  which  the  device  current 

flows,  and  by  any  cross  section  Sc  of  the  loop  characterized  by  p^=0  at  least  during 

the  dwell  time  interval  [t’^,tj^=t'|i+a^]  that  the  electron  spends  in  Q, 

Then  the  theorem,  for  Sa  «  Sr  and  /  or  for  low  frequencies,  yields  ^ 


9pn(r,t)  3 


(£iL+£i) 


-L®(r) 


3Pn(r,t)  3 


where  the  function  0(r)  is  defined  by  the  following  equation  and  boundary  conditions: 
V  •  [  e(r)  V4>(r,  t)]  =  0,  $(r)  =  1  on  Sr,  4)(r)  =  0  on  Sl  and  Sa,  e(r)  being  the 

static  permittivity.  . 

Equation  (1),  unlike  other  methods  which  only  consider  the  contribution  of  the 
first  integral,  i.e.,  the  conduction  current,  takes  into  account  the  displacement  current 
by  means  of  the  potential  function  O,  and  it  is  a  useful  tool  for  analyzing  the  shape  of 
the  current  pulses  i|x(t)  due  to  single  electrons. 

Let  the  p-th  electron  be  in  Ql  with  certainty  for  t  <  t'^  and  let  it  be  in  Qr  or, 
again,  in  Ql  for  t  >f'V- 

In  such  cases  is  null  in  n  and  its  integral  over  Ql  is  equal  to  -q  or  to  0,  so 
that,  from  (1),  we  get  i^(t)=  0  for  both  t  <  t'j^  and  t  >  t' ^  (Fig.  2). 

By  definition,  on  the  contrary,  has 
to  be  different  from  zero  somewhere  in  Q  for 
t’^  <  t  <  t"ji,  so  that,  according  to  (1),  i^  can 
be  different  from  zero  during  the  dwell  time. 

The  dwell  time,  in  its  turn,  can  be 
divided  into  three  intervals^  (Figs.  2a  and 
2b).  In  the  two  edge  intervals  [t'fj,,  ta^]  and 

[tb|i,  electron  transits  across  the 

barriers  of  the  DBRTS  and,  as  a 
consequence,  we  have  i|i(t)7^:0  because 

p^(r,t)  is  a  function  of  time  somewhere  in  Q. 
In  the  remaining  intermediate  interval 

[taiLi,  tbji]  the  electron  is  trapped  in  a  (quasi) 

stationary  state,  so  that  p^.  becomes  time 
independent  and,  in  virtue  of  (1),  i|a  becomes 
equal  to  zero,  i.e.,  the  current  pulse  is  split 
Fig.  2  -  Current-pulse  splitting.  into  two  pulses  of  the  type  shown  in  Fig.  2a 

(Fig.  2b)  if  the  electron  crosses  the  whole 
structure  (comes  back  to  the  injection  electrode). 

The  ratio  between  the  average  values  of  the  transit  times  tajj.  - 1'^^  and  t"]a.-tb^ 

across  the  barriers  and  of  the  dwell  time  in  the  whole  structure  is  of  the  order  of  the 
greatest  between  the  tunneling  probabilities  Tl  and  Tr  of  the  left  and  right  barriers, 
respectively at  the  resonance  energy,  so  that  the  average  separation  between  the  two 
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current  pulses  is  much  greater  than  their  duration. 

On  the  other  hand,  the  dwell  time,  that  has  a  mean  value  of  the  order  of  10~’0s,  ^ 

can  have  any  random  value  for  each  p-th  electron.  Therefore,  even  for  a  complete 
phase  coherence  of  the  electron  wave  function,  i.e.,  in  absence  of  any  inelastic 
scattering  in  the  whole  tunneling  process  across  the  DBRTS,  the  occurrence  of  its 
second  current  pulse  could  be  considered  as  an  event  independent  from  the  first  one. 

Moreover,  the  average  time  interval  q/2i  between  consecutive  split  pulses  (that 
carry  an  average  charge  q/2,  q  being  the  electron  charge)  is  smaller  than  IQ-^^  g  for  the 

average  current  i  greater  than  0.9  pA,4  so  that,  for  instance,  we  can  have  hundreds  of 
split  pulses  of  other  electrons  between  the  ones  of  the  same  electron. 

Therefore,  on  the  basis  of  such  considerations,  it  seems  reasonable  to  consider 
the  split  current  pulses  of  the  same  electron  as  uncorrelated  pulses,  also  when  the 
tunneling  process  is  coherent. ^ 

A  fortiori,  we  have  that  the  current  pulses  are  certainly  independent  events  when 
the  electron  is  scattered  inelastically  in  the  well  and  it  loses  any  phase  memory  before 
escaping  from  the  well  itself,  i.e.,  when  the  tunnneling  mechanism  across  the  structure 
is  completely  incoherent  (sequential). ^ 

For  instance,  for  an  inelastic  scattering  time  T-  <4xl0”'^s  and  a  dwell  time 

a  >  4xl0~*'^s,  we  have  hundreds  of  randomizing  events,  leading  to  independence  of 
the  two  current  pulses  of  the  same  electron. 

Therefore,  the  temporary  storage  of  the  electron  in  Q.  splits  its  current  pulse  into 
two  distinct  and  uncorrelated  parts  iap(t-ta)a)  and  ibp(t-tbn)  that  start  at  the  times  t=taLi 
and  at  t=tbji,  respectively,  so  that  the  current  across  the  stmcture  becomes 

N  Nj 

i(0  =  X [^a.Li (t  “  tap )  +  Ibg (t  -  h^ii )]  =  X ^ j ^ j ) ’ 

j=1 

where]  =m,  bji  and  Ni(t)  is  the  number  of  the  split  current  pulses  that  occur  at  t. 

In  their  turn,  according  to  (1),  the  pulses  iap  and  ibp  carry  fractions  qap=(ppq  and 
qbu=(l“9p)q  of  the  electron  charge  q,  respectively,  with  0<(p^<l  if  the  electron 

crosses  the  whole  structure,  while  they  carry  opposite  fractions  qap=-~qbp=4*p9  if  the 
electron  comes  back  to  the  emitter  electrode  after  the  storage  in  the  well  (Fig.  2). 

From  (1),  in  the  resonant  state,  we  also  obtain  that  9ja=(p  is  equal  for  all  the 
electrons. 


SHOT  NOISE 

The  particular  transport  mechanism  of  electrons  in  the  DBRTS's  we  have 
discussed  affects  their  current  noise,  whose  computation  is  the  second  aim  of  the 
paper. 

If,  according  to  the  previous  considerations,  the  current  pulses  ij(t  -  tp  in  (2) 

can  be  considered  as  independent  events  occurring  at  random  at  the  average  rate  (n), 
from  Carson’s  theorem  ^  we  obtain  the  spectral  power  denity  Si  of  the  current  i  at  low 
frequency  in  the  form 
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Si  =  S„  =  2(n)(q  ^  )  =  2q(i){l  +  2(p[(p(l  +  - 1]} ,  (3) 

where  (i)  =  q(nf )  is  the  average  eurrent,  d  is  the  ratio  between  the  average  rate  (n^,) 

of  the  electrons  which  from  the  well  come  back  to  the  emitter  and  the  average  rate  (nf ) 
of  those  which  reach  the  collector,  forthermore  qj=qa|i,  qbp,- 

If  the  pulses  ij(t-tj),  occurring  at  the  rate  n(t),  do  not  obey  the  Poisson 
statistics,  we  can  compute  Si  according  to  Milatz’s  theorem, ^  or,  ultimately,  according 
to  the  extension  of  Burgess's  variance  theorem  to  the  autocorrelation  function^’^,  in  the 
form 


Si  =2(ijf  (r^(^l(t)ANi(t  +  s))ds-(Ni)j  +  Su>  (4) 

that,  in  the  case  of  Poisson  statistics  for  which  |^^(ANi(t)ANj(t  +  s))ds  =  (N]r),  again 
gives  (3). 

The  computation  of  (ANj(t)ANj(t  +  s))is  beyond  the  scope  of  the  present  work. 
Nevertheless,  in  a  first  approximation  that  the  split  pulses  are  independent,  from 
(3)  we  obtain  results  which  agree  with  the  experimental  findings."^ 

For  example,  from  (3)  we  obtain  that  only  for  the  values  (p=l/2  and  i3=0  the 
noise  can  be  reduced  down  to  a  minimum  value  of  one  half  of  the  full  shot  noise."^ 

On  the  contrary,  for  d  >  1  /  (j)  - 1 ,  the  noise  becomes  greater  than  the  full  shot 

noise. 

In  conclusion,  the  noise  of  DBRTS,  in  agreement  with  the  experimental 
findings^,  can  be  both  greater  and  smaller  than  the  full  shot  noise. 

The  noise  increase  is  due  to  the  electrons  which,  after  their  storage  within  the 
well,  return  to  the  emitter,  whereas  the  noise  reduction  is  associated  to  those  which 
cross  the  whole  structure. 
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ABSTRACT 

A  trap  in  the  gate  oxide  of  a  MOSFET  is  modeled  by  the  single-electron 
tunneling  (SET)  transistor.  The  island  of  the  SET  transistor  simulates  the 
trap  center  itself  and  the  two  SET  transistor's  junctions  in  parallel 
represent  the  connection  between  the  trap  center  and  the  channel  of  the 
MOSFET.  In  the  certain  ranges  of  the  gate  voltage,  the  island  of  the  SET 
transistor  may  exchange  electrons  with  the  channel.  This  gives  rise  to 
random  telegraph  signal  (RTS)  noise  in  the  MOSFET.  The  results  of  the 
Monte  Carlo  simulations  of  the  trap  potential  reveal  a  dependence  of  the 
duty  cycle  of  RTSs  on  the  gate  voltage. 

INTRODUCTION 

Random  telegraph  signal  (RTS)  noise  is  interesting  both  in  its  own 
right  and  for  its  connection  to  1/f  noise  in  MOSFETs  [1,  2].  The  smaller  the 
electronic  device,  the  higher  the  impact  of  RTS  noise  on  its  operation.  In 
sub-micrometer  MOSFETs,  RTS  noise  is  already  a  serious  concern.  In 
nanoscopic  devices,  such  as  the  single-electron  transistor,  RTS  noise  may 
be  the  major  obstacle  for  their  application  [3]. 

In  a  small  MOSFET,  RTS  noise  appears  as  discrete  value  fluctuations  in 
the  channel  resistance  of  up  to  1%  in  magnitude.  It  has  been  found  that  the 
switching  events  are  caused  by  the  capture  and  emission  of  individual 
electrons  by  traps  in  the  gate  oxide  [1,  2].  A  change  in  the  charge  of  a  trap 
affects  both  the  channel  charge  (due  to  the  neutrality  condition)  and  the 
channel  mobility  (since  a  trap  may  act  as  a  scaterer).  In  mesoscopic 
devices,  there  is  another  cause  of  RTS  noise:  the  universal  conductance 
fluctuations  (see  [5]  and  references  therein).  This  mechanism  of  RTS  noise 
is  beyond  the  scope  of  this  paper. 

In  the  present  paper,  I  propose  a  model  of  a  trap  in  the  gate  oxide  of  a 
MOSFET  based  on  the  single-electron  tunneling  transistor  [4].  Inherent  to 
the  model  is  the  concept  of  the  Coulomb  blockade,  which  proved  crucial  for 
the  detailed  understanding  of  the  traps  and  the  related  RTS  noise  in 
MOSFETs. 


MODEL  AND  ANALYSIS 

Fig.  1  shows  the  transformation  of  the  single-electron  tunneling 
(SET)  transistor  into  the  model  of  a  trap  in  the  gate  oxide  of  a  MOSFET.  The 
SET  transistor  (Fig.  1  (a))  consists  of  two  tunnel  junctions  (jl  and  j2) 
connected  in  series.  Each  junction  is  characterized  by  its  tunnel  resistance 
Ri  and  capacitance  Ci  (i=l,  2).  The  two  junctions  enclose  a  small  "island" 
electrode  (il),  the  electrostatic  potential  of  which  can  be  influenced  by  the 
gate  voltage  Vg  through  the  capacitance  Cgi.  We  can  incorporate  the  SET 
transistor  into  a  MOSFET  (Fig.  1  (b))  so  that  the  island  il  simulates  the  trap 
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center  (tc)  itself,  the  junctions  jl  and  j2  in  parallel  represent  the  tunnel 
connection  between  the  trap  center  and  the  channel  (ch)  of  the  MOSFET, 
and  the  input  capacitance  Cgi  models  the  capacitance  between  the  gate  and 
the  trap  center.  The  tunneling  rate  of  electrons  between  the  trap  and  the 
channel  is  characterized  by  the  tunnel  resistance  Rt=(Rl  II  R2).  The  total 
capacitance  of  the  trap  is  given  by  C=Cl+C2-i-Cgi. 


Fig.  1  The  transformation  of  the  single-electron  tunneling  transistor  (SET 
transistor)  into  the  model  of  a  trap  in  the  gate  oxide  of  a  MOSFET.  (a)  The 
circuit  diagram  of  the  SET  transistor;  (b)  The  SET  transistor  incorporated 
into  a  MOSFET. 

In  a  rigorous  treatment,  one  should  certainly  take  into  account  the 
quantization  of  the  trap  energy.  However,  in  order  to  demonstrate  the  main 
features  of  the  model,  we  shall  apply  here  the  so  called  "orthodox  theory"  of 
single-electron  tunneling  and  neglect  the  quantization. 

The  total  capacitance  of  a  trap  defines  the  Coulomb  energy  Ec 
associated  with  the  charging  of  the  trap  by  an  electron: 

Ec  =  q2  /  2C  ( 1 ) 

Here  q  denotes  the  elementary  charge.  If  the  Coulomb  energy  is  large 
relative  to  the  average  energy  of  thermal  fluctuations, 

Ec»kT  (2) 

in  usual  notation,  the  Coulomb  blockade  shows  up:  If 


q(n-l/2)  <  Cgi  Vg  <  q(n+l/2) 


(3) 
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where  n  denotes  the  number  of  excess  electrons  on  the  trap,  the  state  with 
n  electrons  on  the  trap  is  stable.  Then  there  is  no  charge  fluctuation  at  the 
trap  and  no  RTS  noise.  But  if 

Cgi  Vg  ^  q(nil/2)  (4) 

the  trap  may  exchange  one  electron  back  and  forth  with  the  channel,  and 
the  traped  charge  fluctuates.  The  discrete  fluctuations  in  the  trap  charge 
affect  the  channel  charge  and  the  channel  mobility.  This  gives  rise  to  RTS 
noise  in  the  MOSFET.  The  better  the  equality  (4)  is  fulfilled,  the  closer  is  the 
average  duty  cycle  of  the  RTSs  to  unity.  Thereby  the  "sharpness"  of  the 
equality  (4)  is  measured  relative  to  the  quantity  kTC/q.  This  explains  the 
experimentally  observed  fact  that  the  existence  of  the  random  telegraph 
signals  in  MOSFETs  and  its  duty  cycle  strongly  depend  on  the  gate  voltage 
and  temperature. 

We  can  simulate  the  thermal  noise  voltage  at  the  trap  center  (tc) 
with  the  aid  of  the  Monte  Carlo  method:  we  let  the  individual  charge 
carriers  transit  each  of  the  junctions  at  random  and  observe  the  resulting 
voltage  fluctuations  (Vi)  at  the  island.  Some  details  on  the  simulation  and 
complementary  results  are  given  elsewhere  [6]. 

RESULTS  AND  CONCLUSIONS 

Fig,  2  shows  the  results  of  the  Monte  Carlo  simulation  of  a  trap  using 
the  described  model.  The  parameters  of  the  model  used  in  the  simulations 


Fig.  2  The  results  of  the  Monte  Carlo  simulation  of  a  trap  using  the  present 
model.  Shown  is  the  electrical  potential  of  the  trap  as  a  function  of  time, 
(a)  Vg=-0.8  V;  (b)  Vg=-l.l  V.  Note  the  dependence  of  the  duty  cycle  of  RTS 
noise  on  the  gate  voltage. 
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are  as  follows:  C=10’18  F  (the  capacitance  of  a  sphere  with  the  radius  of 
about  1  nm,  situated  in  the  oxide,  1  nm  away  from  the  silicon-oxide 
interface),  Cgi=10-19  p,  Rt=10l8  ohm,  and  T=300  K.  Shown  is  the  electrical 
potential  of  the  trap  as  a  function  of  time  for  two  different  gate  voltages: 
one  (a)  corresponding  exactly  to  equation  (4)  (with  n=0),  and  the  other  (b) 
when  equation  (4)  is  only  approximately  fulfilled.  The  plots  reveal  clearly 
the  expected  duty  cycle  dependence  on  the  gate  voltage.  Further 
simulations  demonstrated  also  the  experimentally  observed  fact  that  a 
certain  switching  pattern  appears  only  over  a  limited  range  of  gate  voltage 
and  temperature. 

The  noise  spectra,  obtained  by  applying  the  Fourier  transform  on  the 
noise  signals  such  as  those  in  Fig.  2,  are  Lorentzian  [6].  This  also 
corroborates  the  experimental  observations  of  the  RTS  noise  [1], 

Therefore,  the  single-electron  tunneling  (SET)  transistor  is  a 
suitable  means  to  model  a  trap  in  the  gate  oxide  of  a  MOSFET  as  a  cause  of 
random  telegraph  signal  (RTS)  noise.  A  salient  inherent  feature  of  the 
model  is  the  fact  that  the  existence  and  the  appearance  of  the  RTS  noise  is  a 
periodic  function  of  the  gate  voltage,  see  equations  (3)  and  (4).  This  is  due 
to  the  Coulomb  blockade  effect. 
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ABSTRACT 

The  thermal  noise  voltage  at  the  island  of  a  single-electron 
tunneling  transistor  is  simulated  using  the  Monte  Carlo  method.  The 
appearance  of  the  time  dependence  of  the  noise  voltage  changes 
dramatically  as  the  thermal  energy  kT  approaches  the  Coulomb  energy 
Ec=q2/2C.  If  kT  <=  Ec,  the  noise  voltage  either  degenerates  into  the  random 
telegraph  signal;  or,  due  to  the  Coulomb  blockade,  the  fluctuations  cease 
altogether.  Surprisingly,  the  noise  spectra  stay  Lorentzian  at  all 
temperatures.  Moreover,  the  thermodynamic  noise  relations  apply  even  if 
the  noise  voltage  degenerates  into  the  random  telegraph  signal. 

INTRODUCTION 

An  ultrasmall  tunnel  junction  is  a  semiconductor  or  metal-insulator- 
metal  tunnel  junction  with  nanometer  dimensions  and  a  capacitance  of 
C=  10-15  p  Qj:  lesg  In  snch  a  junction,  the  electrostatic  energy  related  to  the 
transit  of  a  single  electron  across  the  junction,  Ec=q^/2C  (the  Coulomb 
energy),  is  comparable  to  or  larger  then  the  average  energy  of  thermal 
fluctuations,  kT.  This  gives  rise  to  the  appearance  of  a  remarkable  effect 
called  the  Coulomb  blockade.  Ultrasmall  tunnel  junctions  are  basic  building 
blocs  of  several  novel  devices,  such  as  the  single-electron  transistor, 
supersensitive  electrometer,  current  standard,  etc. 

The  subject  of  ultrasmall  junctions  has  been  attracting  a  lot  of 
interest  [1].  However,  it  seams  that  the  issue  of  thermal  noise  in  such 
junctions  has  not  been  addressed  yet.  Is  there  any  influence  of  the  Coulomb 
blockade  on  noise?  How  the  noise  spectrum  looks  like  when  just  one  single 
electron  jumps  back  and  forth  across  the  junction?  Do  the  thermodynamic 
noise  relations  still  apply  in  this  case?  These  are  the  main  questions  that  we 
shall  try  to  answer  in  this  paper. 

ANALYSIS 

As  a  representative  example,  we  shall  treat  the  single-electron 
tunneling  (SET)  transistor,  shown  in  Fig.  1.  The  SET  transistor  consists  of 
two  tunnel  junctions  (jl  and  j2)  connected  in  series  between  the  source  (s) 
and  the  drain  (d).  Each  junction  is  characterized  by  its  tunnel  resistance  Ri 
and  capacitance  Ci,  i=l,2.  The  two  junctions  enclose  a  small  "island" 
electrode  (il),  .  the  electrostatic  potential  of  which  can  be  influenced  by  the 
gate  voltage  Vg  through  the  capacitance  Cgi.  The  total  capacitance  of  the 
island  is  given  by  C=Cl-i-C2-i-Cgi.  We  are  interested  only  in  thermal  noise  and 
therefore  assume  the  thermal  equilibrium  conditions.  Thus  we  keep  the 
source  and  the  drain  at  equal  potentials,  i.e.  V1=V2. 

For  simplicity,  we  describe  the  current-voltage  characteristics  of 
each  of  the  junctions  by  the  diode-type  equation 
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Fig.  1  The  circuit  diagram  of 
the  single-electron  tunneling 
transistor  (SET  transistor) 
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in  usual  notation.  Such  a  rectifying  characteristic  has,  for  instance,  a  very 
asymmetrical  metal-insulator-metal  junction.  The  choice  of  a  definite 
current-voltage  characteristic  has  no  influence  on  the  generality  of  the 
final  conclusions,  but  it  makes  the  analyses  much  simpler. 

We  analyze  thermal  noise  in  the  circuit  of  Fig.  1  with  the  aid  of  the 
Monte  Carlo  method.  Briefly,  we  let  the  individual  charge  carriers  transit 
the  junctions  at  random  and  observe  the  resulting  voltage  fluctuations  (Vi) 
at  the  island.  First,  we  have  to  calculate  the  probability  that  one  single 
electron  transits  a  junction  in  given  direction.  We  do  so  for  each  of  the  two 
junctions  and  each  of  the  two  directions.  These  probabilities  depend  on  the 

instantaneous  value  of  the  voltage  Vi.  Than,  according  to  this  probabilities, 
we  select  at  random  one  of  the  possible  four  transit  events.  Finally,  we 
update  the  voltage  Vi,  and  repeat  the  procedure. 

The  probability  that  an  electron  transits  a  junction  in  a  given 

direction  is  proportional  to  the  corresponding  average  current.  If  an 
electron  travels  in  the  easy  (forward)  direction  of  the  junction  jl,  the 
average  current  for  this  event  is  given  by  the  corresponding  effective 
voltage-current  characteristics 

II  =  lo  exp[  q  (Vl-Vi-q/2C)  /  kT  ].  (2) 

Here  the  term  -q/2C  is  the  voltage  equivalent  of  the  increase  in  the 
potential  barrier  height  during  the  transit  of  the  electron  (Ec=q2/2C).  This 

increase  in  the  barrier  height  is  called  the  Coulomb  barrier  and  may  give 
rise  to  the  Coulomb  blockade.  For  the  electron  transit  in  the  reverse 

direction,  the  effective  voltage-current  characteristics  stays  as  in  the 
macroscopic  case,  viz.  12  =  lo.  Similar  equations  hold  also  for  the  electron 

transits  through  the  junction  j2. 

The  probability  that  during  the  sample  time  period  Dt  a  carrier 
transits  the  junction  jl  in  the  easy  direction  is  now  given  by 

PI  =(Dt/(q/I))(Il/I)  (3) 

where  I  denotes  the  arithmetic  sum  of  all  four  average  currents.  Similar 
equations  hold  also  for  the  other  three  probabilities. 
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RESULTS  AND  CONCLUSIONS 


Fig.  2  Two  examples  of  the  noise  voltage  at  the  island  of  the  SET  transistor  as 
function  of  lime.  The  parameters:  Cl=C2=Cgi=10-16  p  and  thus  C=3*10-16  F, 

mV,  and  V1=V2=0  V.  Note  that  for  the  chosen  capacitances 
the  Coulomb  energy  equals  the  thermal  energy  at  the  temperature  T=3.1  K. 


Fig.  3  Noise  voltage  at  the  island  of  the  SET  transistor  as  function  of  lime  (a) 
and  the  corresponding  noise  spectrum  (b).  The  parameters: 

C1=C2=0.5-10-18  f,  Cgi=10-18  F,  lo^lO'l^A,  T=300  K,  Vg=-0.08  V,  and  V1=V2=0  V. 
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The  appearance  of  the  noise  voltage  as  function  of  time  changes 
dramatically  as  the  thermal  energy  kT  varies  relative  to  the  Coulomb 
energy  Ec=q2/2C.  At  high  temperatures,  when  kT  »  Ec,  the  picture  is  almost 
as  usual,  with  the  exception  that  the  voltage  fluctuates  only  in  finite 
increments.  The  magnitude  of  the  increments  equals  q/C.  As  kT  approaches 
Ec,  the  voltage  excursions  contain  less  increments,  and  the  voltage  steps 
become  very  clear.  If  kT  <=  Ec,  the  noise  voltage  either  degenerates  into  the 
random  telegraph  signal  (RTS),  see  Fig.  2;  or,  due  to  the  Coulomb  blockade, 
the  fluctuations  cease  altogether.  What  exactly  happens  in  this  case 
depends  very  much  on  the  gate  voltage  [2].  Briefly,  the  fluctuations  are 
possible  only  if  the  relation 


Cgi  Vg  £1  q(n  i  1/2)  (4) 

is  fulfilled.  Here  n  denotes  the  number  of  excess  electrons  at  the  island  of 
the  SET  transistor.  But  note  that  if  kT  <=  Ec,  the  charge  at  the  island 
fluctuates  only  for  Iq.  Equation  (4)  is  fulfilled  for  different  combinations  of 
Vg  and  n.  Therefore,  we  expect  that  the  appearance  of  the  RTS  is  a  periodic 
function  of  the  gate  voltage. 

By  applying  the  Fourier  transform  on  the  noise  signals  in  the  time 
domain,  such  as  those  in  Fig.  2,  we  obtain  the  corresponding  noise  power 
spectra  in  the  frequency  domain.  One  example  of  the  two  representations  of 
a  fluctuation  signal  is  shown  in  Fig.  3. 

The  noise  spectra  reveal  a  surprizing  property:  they  stay 
qualitatively  similar  and  Lorentzian  at  all  temperatures.  Moreover,  the 
noise  voltage  spectral  density  at  sufficiently  low  frequencies  equals  the 
value  given  by  the  Johson-Niquist  equation,  viz. 

Sv  =  4kTR.  (5) 

Here  R  denotes  the  dynamic  resistance  of  the  two  junctions,  at  V=0, 
connected  in  parallel.  In  accordance  with  these  facts,  the  mean  square  total 
fluctuation  of  the  voltage  is  also  given  by  the  equation  valid  for 
macroscopic  systems,  namely 


<v2>  =  kT/C.  (6) 

Therefore,  the  thermodynamic  noise  relations  (5)  and  (6)  apply  even 
if  the  capacitance  of  the  system  is  so  small,  that  the  noise  voltage 
degenerates  into  the  random  telegraph  signal. 
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ABSTRACT 

By  using  a  closed  hydrodynamic  model  coupled  with  the  field  impedcince  method 
we  evaluate  the  small-signal  and  noise  spectra  of  submiUimeter  n+nn+  diode  generators. 
Calculations  performed  for  the  case  of  InP  with  applied  fields  near  the  switching  on  of 
self- oscillations  evidence  a  sharp  peak  of  the  current  spectral- density  at  the  generation 
frequency. 


INTRODUCTION 

The  small-signal  and  noise  spectra  play  a  fundamental  role  in  characterizing  carrier 
transport  of  semiconductor  devices.  The  frequency  behavior  of  these  quantities  reflects 
both  dynamic  and  relaxation  processes  of  the  microscopic  mechanisms,  hence,  it  can 
be  used  to  investigate  the  physical  phenomena  responsible  for  the  performances  of  the 
device  of  interest.  The  aim  of  this  communication  is  to  present  an  original  calculation  of 
the  small-signal  and  noise  characteristics  of  near  micron  n+n72+  InP  diodes.  The  current 
and  voltage  spectral-densities  are  calculated  within  a  hydrodynamic  model  which  is 
validated  by  comparing  the  results  with  a  direct  simulation  performed  with  an  ensemble 
Monte  Carlo  method. 


THEORY 

To  calculate  the  current  and  voltage  noise  in  the  framework  of  a  hydrodynamic 
model  we  have  recently  developed^  it  is  convenient  to  use  the  general  procedure  based 
on  the  impedance  fleld^  or  transfer  impedance^  methods.  For  one- dimensional  geometry 
the  voltage  spectral-density  per  unit  surface,  Su(f),  caused  by  the  fluctuations  of  the 
carrier  velocities  for  spatially  imcorrelated  sources,  is  given  by^: 

Suif)  =  e'  r  niz)\VZ{z,  f)dz  (1) 

Jo 

where  e  is  the  electron  charge,  L  the  length  of  the  device  between  the  probing  elec¬ 
trodes  taken  along  the  z  direction,  /  the  frequency,  n(z)  the  local  carrier  concentration, 
\VZ{z,  /)!  the  absolute  value  of  the  local  impedance-field  per  unit  surface,  Sv{z^  f)  the 
local  spectral  density  of  velocity  fluctuations.  According  with  Ref.  [2,3]  the  impedance 
field  can  be  represented  as  the  ratio  of  the  Fourier  components  of  the  local  electric  field 
to  the  total  current  flowing  through  the  device.  Integration  of  the  impedance  field  over 
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the  spatial  coordinate  z  gives  the  small-signal  impedance  of  the  whole  device: 


z{f)=  rvz{z,f)di 

JQ 


Thus,  for  the  noise  analysis  under  current  driven  operation,  we  need  to  evaluate  the 
three  quantities:  n(z),  V Z(z,  f)  and  5„(z,  /).  Conversely,  from  the  Langevin  theorem^, 
the  current  spectral-density  Sj{f)  can  be  evaluated  as: 

Sjif)  =  Su(f)\Y{f}\^  (3) 

where  we  have  introduced  the  small-signal  admittance  Y(f)  =  Z~^(f).  For  the  calcu¬ 
lation  of  5t,(z,  /)  it  is  assumed  that  the  spatial  dependence  is  determined  by  the  local 
instantaneous  energy  e(z)  only,  and  the  energy-field  dependence  is  the  same  as  in  the 
homogeneous  steady-state.  Under  these  assumptions,  /)  =  /)  can  be  ex¬ 

pressed  analytically  through  the  parameters  of  the  hydrodynamic  model^ .  Following 
the  notation  of  Ref.  [1],  it  is: 


ul  +  {2-Kf)‘ 


for  the  case  of  two  real  eigenvalues  v±  of  the  spectrum  of  the  hot-carrier  relaxation 
rates,  2md  as: 

<?or  f\-A^  '>  >^[4  +  ~  (46) 

for  the  case  of  two  complex  conjugate  eigenvalues  j/r  ±  wq  of  the  spectrum  of  the 
hot-carrier  relaxation  rates.  Here  (f>±  and  <  Sv^  >  (dimension  velocity  square)  and  B 
(dimensionless)  are  the  coefFcients  of  the  matrix  expression  with  the  above  eigenvalues. 
The  impedance  field  is  calculated  under  current  driven  operation  by  using  the  transient 
response  of  the  local  electric  field  E{z^t)  to  a  delta  like  perturbation  of  the  total  current. 
To  this  end,  the  steady-state  inhomogeneuos  distributions  no(z),  Uo(z),  €o{z)  and  Eq(z) 
corresponding  to  the  total  current  density  jo  =  enoVo  are  first  calculated.  Then,  a  small 
perturbation  of  the  local  electric  field  SEq  is  added  to  Eo{z)  at  every  point  and  the 
transient  response  of  the  resulting  electric  field  E{z,t)  —  Eo[z)-]-SE{z^t)is  calculated  at 
the  same  jo-  The  transient  response  is  thus  used  to  obtedn  the  local  response  functions: 


KE{z,t) 


1  6E(z,t) 
r€o  SEq 


where  is  the  relative  static  dielectric  constant,  and  €o  the  vacuum  permittivity.  Fi¬ 
nally,  the  impedance  field  is  calculated  by  Fourier  transforming  as: 


VZ(z,f)=  f  KE{z,t)exp{-i2Trft) 

Jo 


Such  an  approach  allows  the  impedance  field  to  be  calculated  at  once  for  the  whole 
frequency  range  of  interest. 
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RESULTS 

Calculations  are  applied  to  the  case  of  n’^nri^  InP  diodes  at  room  temperature 
with  doping  levels  of  n  ==  2  X  10^^  and  \  X  10^®  cm~^.  The  cathode,  n  region 

and  anode  lengths  are  respectively  0.05, 1.0  and  0.1  fj,m.  Abrupt  homojunctions  are  as¬ 
sumed.  Under  voltage  driven  operation  this  diode  is  imstable  in  the  restricted  region  of 
applied  voltages  2  <  Uo  <  5  U  while  it  is  stable  outside  this  region.  The  hydrodynamic 
calculations  are  performed  under  the  current  driven  operation  at  jo  =  1.03  X  10®  Am~^ 
which  corresponds  to  an  applied  voltage  Uq  =  5.0  U.  The  results  of  the  small-signal 
calculations  are  presented  in  Figs.  1  and  2.  Figure  1  shows  the  real  and  imaginary  parts 
of  Z{f).  Re[Z{f)]  is  negative  in  the  frequency  region  90  <  /  <  235  GHz.  Amplifi¬ 
cation  of  microwave  power  is  possible  in  this  region.  Jm[Z(/)]  is  negative  everywhere. 
This  provides  a  stability  of  the  unloaded  diode.  The  real  and  imaginary  part  of  the 
admittance  are  presented  in  Fig.  2.  The  resonant  behavior  of  y'(/)  near  /  =  230  GHz 
is  evident.  This  frequency  corresponds  to  the  minimum  time  required  for  the  accumu¬ 
lation  layer  to  transit  across  the  diode.  The  spectral  density  of  voltage  fluctuations 
obtained  by  the  various  approaches  are  compared  in  Fig.  3.  The  dashed  curve  cor¬ 
responds  to  the  hydrodynamic  calcirlation  performed  using  Eq.  (1).  The  solid  curve 
is  the  result  of  a  direct  simulation  by  the  Monte  Carlo  method.  Dots  corresponds  to 
Su{f)  =  where  Sj{f)  is  calculated  directly  from  the  Monte  Carlo  method 

under  the  voltage  driven  operation.  This  Sj(f)  is  reported  in  Fig.  4  by  the  dots.  Here, 
dashed  and  solid  lines  correspond  to  the  spectral  density  of  the  current  fluctuations  cal¬ 
culated  from  Eq.  (3)  using  the  Su{f)  obtained  from  the  hydrodynamic  and  Monte  carlo 
approaches,  respectively.  One  can  observe  full  quantitative  and  reasonable  qualitative 
agreement  among  the  three  various  procedures.  This  agreement  validates  the  present 
calculation  which  has  the  merit  of  providing  reliable  results  within  a  simple  and  low-cost 
computer  enviroment.  In  this  way,  transport  and  noise  modelling  can  be  simtiltaneuosly 
carried  out  for  device  engineering  and  physical  analysis  under  extreme  conditions.  This 
work  is  partially  supported  by  the  Commission  of  European  Comunity  (CEC)  through 
the  contract  CIPA3510PL921499. 
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Fig.  1  -  Frequency  dependence  of  the 
real  (solid  line)  and  imaginary  (dashed 
line)  parts  of  Z{f)  calculated  with  the 
hydrodynamic  model  at  room  tempera¬ 
ture  with  Uo  =  5  V,  Pcirameters  of  the 
n^nri^  InP  structure  £ire:  n  =  2  X  10^® 
and  n+  -  1  X  10^®  cm”^.  The  cathode, 
n  region  and  anode  lengths  are  respec¬ 
tively  0.05,  1.0  and  0.1  /im. 
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Fig.  2  -  Frequency  dependence  of  the 
real  (solid  line)  amd  imaginary  (dashed 
line)  parts  of  F(/)  calculated  from  the 
data  of  Fig.  1. 


Fig.  3  -  Frequency  dependence  of 
Su{f)'  Dashed  line  reports  the  re¬ 
sults  obtained  from  the  hydrodynamic 
model,  solid  line  from  Monte  Carlo  sim- 
idations,  dots  from  Eq.  (3)  substitut¬ 
ing  for  Sj(f)  the  results  of  the  Monte 
Carlo  simulation. 


Fig.  4  -  Frequency  dependence  of 
Sj{f).  Dots  report  the  residts  obtained 
from  Monte  Carlo  simulations,  solid 
and  dashed  lines  from  the  analogous 
curves  of  Fig.  3  using  Eq.(3). 
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ABSTRACT 

The  RTS  noise  is  assumed  to  be  induced  by  quantum  transitions  of  charge  carriers  from 
trap  energy  levels  to  both  the  conductivity  and  the  valence  bands.  The  charge  state  of  the  trap 
controls  the  channel  conductivity  in  MOSFET’s.  Formulas  for  the  time  constants  describing  the 
RTS  noise  in  a  general  case  of  both  n-type  and  p-type  semiconductors  have  been  derived.  From 
the  statistics  of  the  time  duration  additional  information  on  the  generation-recombination  process 
is  yielded.  It  is  shown  that  microscopic  processes  related  to  quantum  transitions  are  through  the 
channel  current  modulation  transformed  into  measurable  quantities. 


INTRODUCTION 

The  RTS  noise  was  observed  in  many  semiconductor  devices,  bipolar  as  well  as  unipolar. 
Recently,  attention  has  been  focused  mainly  on  the  source-drain  current  noise  in  micron  or 
submicron  sized  FET’s. 

The  RTS  noise  provides  information  on  the  charge  carrier  trapping  processes  caused  by 
single  defects.  The  crucial  role  in  submicron  MOSFET’s  is  played  by  the  interface  between  silicon 
and  its  thermally  grown  oxide.  The  degree  of  perfection  corresponds  to  1  through  100  defects  per 
square  micrometer^. 

From  experimental  studies  it  is  known  that: 

i)  Individual  defects  at  the  Si:Si02  interface  create  traps  with  a  broad  energy  level  interval 
in  the  forbidden  band.  Traps  with  deep  energy  levels  act  as  g-r  centers  whereas  the  shallow  ones 
as  capture  and  emission  centers. 

ii)  The  local  carrier  density  for  the  trap  level  position  at  the  interface  is  given  by 

fis  =  no  exp  [-e  /kT\  .  (1) 

Here  is  the  surface  potential,  Hq  is  the  carrier  density  in  the  bulk. 

iii)  For  the  transition  of  an  electron  from  the  channel  to  the  trap  to  be  possible,  an 
additional  energy  AE  is  required.  Coulomb  barrier  changes  the  energy  level  of  the  neutral  trap 
and  its  capture  cross  section.  This  results  in  a  wide  range  of  the  time  constants  for  the  capture  and 
emission  which  is  of  the  order  from  10'^  to  10^^  s. 
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QUANTUM  TRANSITIONS  AND  TRANSITION  PROBABILITY  INTENSITIES 

The  theories^^  are  based  on  the  assumption  that  the  quantum  transitions  of  charge 
carriers  take  place  between  a  trap  energy  level  and  one  band  only.  This  is  correct  for  shallow  traps 
and  thermodynamic  equilibrium.  If  the  system  is  not  in  the  thermodynamic  equilibrium  than 
generation  and/or  recombination  processes  appear  and  the  simple  models  do  not  provide 
satisfactory  results.  Moreover,  in  a  general  case  it  is  to  be  distinguished  between  two  stochastic 
processes: 

The  primary  process  X{t),  whose  states  are  described  by  the  numbers  of  electrons  in  the 
conductivity  band  and  the  numbers  of  holes  in  the  valence  band  and  the  charge  states  of  the  trap. 
The  states  of  the  primary  process  cannot  be  measured.  Measurable  quantity  is  the  current 
modulation,  which  we  denote  by  the  secondary  process  Y(t). 


THE  PRIMARY  PROCESS  X(t) 

To  describe  our  model  we  suppose  that  a  single  defect  acts  as  an  acceptor-like  center  with 
an  energy  level  and  that  the  quasi-Fermi  levels  near  the  location  of  the  trap  are  and  £ppg. 
Then  for  an  n-type  channel  the  primary  process  X{t)  is  described  in  Table  I.,  where  the  processes 
of  generation  and  recombination  are  described  separately. 

Table  I  Vie  primary  and  secondary  states 


recombination  generation 


X{t) 

0 

1 

2 

0 

1 

2 

trap  level 

1 

0 

0 

1 

0 

0 

conduction  band 

n  -  1 

n 

n  -  1 

n 

n 

n  +  1 

valence  band 

P 

P 

P  -  1 

p  +  1 

P 

p  +  1 

Y(t) 

a 

p 

p 

a 

p 

p 

In  what  follows  we  describe  the  case,  in  which  the  following  transitions  are  possible: 
capturing,  emission  and  recombination. 

At  X{t)  -  0  one  electron  is  captured  by  the  neutral  center  and  the  number  of  electrons 
in  the  conductivity  band  is  decreased  by  one.  The  number  of  the  holes  in  the  valence  band  remains 
constant.  The  state  X{t)  =  1  corresponds  to  the  emission  of  an  electron  from  the  center  to  the 
conductivity  band  whereas  the  state  X{t)  =  2  to  the  transition  of  an  electron  from  the  center  to 
the  valence  band.  In  this  way  the  recombination  process  was  realized. 

The  transition  probability  density  from  the  state  X{t)  =  0  to  the  state  X{t)  =  1  is 
given,  using  Shockley-Read  notation,  by  in  which  case  the  electron  is  emitted  from  the 

trap  to  the  conductivity  band. 

Similarly,  the  transition  probability  density  Pq2  from  the  state  X(t)  =  0  to  the  state 
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X({)  =  2  is  /iQ2  =  Cppg.  In  this  case  the  electron  is  emitted  from  the  trap  to  the  valence  band  or 
a  hole  is  captured  by  the  trap. 

The  primary  process  is  described  by  a  matrix  of  the  transition  probability  densities  for  the 
capture,  emission  and  recombination  or  generation^: 


recombination 

generation 

-^n  Ps  Ps 

-^n  Ps 

<^pPs  cAh  1 

v-ij  = 

A,  '‘s  -A,  "s  0 

14,7  = 

^pPl 

O 

1 

Cp  Pi  0  -Cp  Pi 

0  -<^n'h 

for  i,j  €  (0,  1,  2). 

As  was  shown^,  the  eigenvalues  of  this  matrk  are  reciprocal  values  of  the  time  constants 
of  the  primary  process. 

The  absolute  probability  distribution  II^-  of  the  X{t)  states  for  a  stationary  case  and 
thermodynamic  equilibrium  is  given  by^ 


Eg  =  (1+^  +  iL)-‘  =  (1  +  2  e^y 

»s  Pi 


Hi  =  112  =  (2  +  e  '  )■ 


"s  =  exp  ({Ep„^-E^)/kT) 

;i,  =  exp  ((E^-E^)/kT  } 
Ps  =  exp  {{E^.-Ep^^)/kT] 


Pi  =  exp  {(£„-£,) AT) 

«i//.,  =  exp  {(E,-E,,J/kT)  =  e*  (4) 
Pl/Ps  =  exp  -E,)/kT\  =  e 


THE  SECONDARY  PROCESS  7(0 


\/  ^  ^3 


It  consists  in  the  current  modulation 
f  /  ^1*^2  states,  a  and  /?.  The  corresponding 

dme  durations  are  and  Xp.  The 

\  absolute  probability  distribution  11  is  given  by 

Of  G  Ny/'  ^  1~  ^3 

^  the  absolute  probability  distribution  of  the 

primary  process:  11^  =  IIq  and  is  of  the 

0,2'  X  =n 

Fermi-Dirac  type  (see  Fig.l).  The  absolute 
•h  -2  0  X 3  probability  distribution  lip  =1-11^. 

The  probability  density  of  the 

Figure  1  The  absolute  probability  distribution  as  occupation  times  in  the  state  a  and  P  is 
a  function  of  trap  energy  level  position 

=  2_  exp  (-(/T„)  ,  (5) 


■H  -2  0 


a  function  of  trap  energy  level  position 
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gp  =  — 1 -  exp  1 -  exp  {-t/z^  ,  (6) 

^  ^pPs^  +  <^pPs 

where 

1  Ps 

•  ■'fl  =■'«(— ■^—)  •  ■'l  =  Vc„n^  ,  ■'2  =  Vc„Pi  .  (7) 

«5  Pi 

An  important  information  can  be  gained  from  the  dispersion  of  the  occupation  time.  For 
the  a  and  P  state  it  holds 

D{T^  =  ~  “^2)  ^  ^i^2(^i~^2)  ’ 

c  p 

where  fl|=(l+  ^  ^2  “  these  times  is 

Ifi  -  ^  =  2  exp[(£^^-£,Ar|  .  (9) 


In  Table  II.  a  comparison  of  our  model  with  other  ones^^’^  is  made. 
Table  H  Time  constants  for  three  and  two  states  model 


3  states  model 

^<.  =  V(c„«,+c^s) 

|5  =  V(c^s+<'pPs(''s/'‘i))+ l/(CpPi +c„ni(Pi//'^) 

Ref.  4,  6 

’^e=VV'l 

CONCLUSION 

The  RTS  noise  gives  information  on  quantum  transitions  of  the  carriers  between  the  trap  level 
and  bands.  Moreover,  it  is  possible  to  distinguish  between  the  two  or  three  state  primary  processes 
by  measuring  the  probability  density  and  the  dispersion  of  the  occupation  time  in  the  p  -  state. 
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ABSTRACT 

We  present  theoretical  investigations  of  fluctuations  of  hot  electrons  in  sub¬ 
micron  active  regions^  where  the  dimension  2d  of  the  region  is  comparable  to  the 
electron  energy  relaxation  length  X*,  Jn  the  low-frequency  limitf  we  find  an  exact 
solution  of  the  Langevin  equation  for  space- dependent  electron  fluctuations.  The 
numerical  calculations  of  spectral  densities  of  fluctuations  of  the  electron  temper¬ 
ature  and  current  are  presented.  The  new  physical  phenomenon  is  reported:  the 
fluctuations  depend  on  the  sample  thickness,  with  2d  <  a  suppression  of  fluc¬ 
tuations  arises  in  the  range  of  fluctuation  frequencies  wr*  <C  1,  r,  is  the  electron 
energy  relaxation  time. 


INTRODUCTION 

The  latest  achievements  in  modern  semiconductor  technology  have  made  pos¬ 
sible  the  investigations  of  submicron  structures  with  difTerent  thicknesses  &nd 
properties  of  conducting  channeb,  their  interfaces,  etc.  The  main  attention  in 
studying  of  such  structures  is  usually  given  to  the  quantum  phenomena.  Among 
them  the  quantum  size  effects  take  up  of  particular  place.  These  cause  the  low¬ 
ering  of  the  electron  gas  dimensionality,  i.e.  the  formation  of  2D,  ID,  and  OD 
electron  systems.  Under  these  conditions  the  electron  transport  shows  the  set  of 
new  behaviors.  Such  effects  take  place,  in  general,  at  low  temperatures.  With 
increasing  of  temperature,  the  quantum  effects  vanish,  because  the  phonon  scat^ 
tering  prohibits  long  range  coherence  arising  from  the  wave  nature  of  electrons. 
However,  the  quality  and  physical  dimensionB  of  active  layers  are  such  that  the 
kinetic  lengths  characterizing  nonequilibrium  transport  processes  still  remain  con^ 
paraUe  to  or  exceed  these  dimensions.  In  this  way  using  the  submicron  structures, 
we  enter  with  increasing  of  temperature  into  the  region  of  classic  size  effects. 

The  classic  size  effects  have  been  extensively  investigated  for  metal  and  semi¬ 
conductor  films.  Some  of  them  have  resulted  in  the  improvement  of  conductive 
layers  characteristics  in  comparison  with  those  of  the  bulk  samples.  The  progress 
in  modem  submicron  technology  enables  to  investigate  the  size  effects  at  a  quali¬ 
tatively  new  level  in  order  to  deepen  understanding  of  the  physical  processes  and 
to  control  the  electrophysical  characteristics  of  semiconductor  structures. 
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One  of  such  posmbilities  of  subsiantial  alteration  and  control  of  fluctuation  pro¬ 
cesses  under  size  effect  conditions  is  discussed  in  this  report.  We  shall  demonstrate 
the  new  phenomenon  of  limitation  of  hot  electron  fluctuations  and  suppression  of 
current  noise.  It  can  be  noted  that  the  phenomenon  studied  here  is  completely  dif¬ 
ferent  from  the  noise  suppression  under  ballistic  and  diffusive  quantum  (vertical) 
transport  in  semiconductor  structures. 

The  previous  kinetic  theories  of  hot  electron  fluctuations  have  been  developed 
without  taking  into  account  the  influence  of  crystal  boundaries.  In  this  case  all 
statistical  average  characteristics  of  the  electron  gas  are  sx>atia]ly  homogeneous 
and  only  volume  stochastic  sources  of  fluctuations  are  essentiaL  The  works  on 
the  theory  of  hot  electron  fluctuations  taking  into  consideration  the  influence  of 
crystal  boundaries  arC)  practically,  absent  in  the  literature. 

THE  PROBLEM,  APPROACH,  AND  CRITERIA 

In  this  report  the  fluctuations  of  spatially  inhomogeneous  hot  electron  gas  are 
theoretically  investigated  under  size  effect  related  with  the  characteristic  length 
of  the  electron  energy  relaxation. 

We  consider  the  sample  of  a  small  extent  with  the  thickness  of  2d  in  the  y- 
direction  (the  smallest  size  of  the  sample),  which  is  comparable  to  the  character¬ 
istic  diffusion  length  ,  D  is  di^sion  coefficient.  External  d.c.  heating 

electric  field  E  =  and  electric  current  j  =  are  in  the  x-direcUon.  All  kinetic 
parameters  of  electron  transport  considered  here  are  supposed  to  depend  only  on 
y-coordinate.  The  electron  gas  remains  homogeneous  in  the  xz  plane  indepen¬ 
dently  on  the  heating.  We  study  the  situation  which  is  tyjucal  for  hot  electron 
plasma,  when  the  following  criteria  take  place: 

where  r/,  If  are  characteristic  time  and  length  of  momentum  relaxation,  respec¬ 
tively;  r«e  is  the  time  of  electron-electron  collisions,  Id  is  Debye  length.  The  first 
set  of  these  criteria  means  that  the  electron  distribution  function  has  a  Maxwellian 
form  with  electron  temperature  T  being  dependent  on  y  (electron  temperature  is 
the  hydrodynamical  parameter  of  hot  ^ctron  gas). 

Using  the  electron  temperature  approximation,  the  transport  stochastic  Boltz- 
mann-Langevin  equation  has  been  obtained  taking  into  account  the  hot  electron 
size  effect.  The  problem  has  following  peculiarities:  (i)  the  internal  transverse, 
in  the  y-direction,  d.c.  and  a.c.  (fluciuative)  electric  fields  arise  in  the  sample; 
(ii)  the  fluctuations  under  the  size  effect  are  space-dependent;  (  iii)  there  are 
the  additional  surface  sources  of  fluctuations  besides  of  the  volume  ones.  These 
peculiarities  are  taken  into  account  in  the  calculations. 

It  is  shown  that  all  fluctuating  quantities  can  be  expressed  only  through  the 
electron  temperature  fluctuation  5T(j/,f).  The  fluctuation  8T{y,t)  is  defined 
by  the  stochastic  equation  of  energy  balance  that  follows  from  the  Boltzmann- 
Langevin  equation.  The  boundary  conditions  include  the  surface  noise  sources 
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Fig.l.  Field  dependence  of  current  fluctuations 


Fig. 2.  Field  deoendence  of  signal-noise  ratio 
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and  energy  relaxation  velodtiefl  5*  =  5(y  =  id)  .  H  the  surface  rates  of  energy 
relaxation  axe  very  high  ^  ,  the  boundary  conditions  have  the  simple 

form:  T{y  =  id)  =  To,  ST(y  =  id,t)  =  0,  To  is  the  lattice  temperature.  We 
found  the  analytical  solutions  of  the  discussed  equations  in  the  low-frequency 
limit  iOTf  <!  1  using  the  known  solution  of  associated  steady  state  problem,  i.e. 
the  electron  temperature  distribution  T(y). 

RESULTS 

The  general  expressions  have  been  obtained  for:  spectral  densities  of  electron 
temperature  and  electron  current  fluctuations,  low-signal  conductivity,  noise  tem¬ 
perature,  and  signal-noise  ratio.  The  field  and  ^e  dependences  of  these  quantities 
have  been  numerically  calculated  and  investigated.  The  electron  interaction  with 
acoustic  and  optical  phonons  has  been  taken  into  account. 

In  Fig.l  the  dependence  of  longitudinal  spectral  density  of  current  fluctuations, 
5j(a;,  E)y  on  Eb/Eq  (here  Eq  =  koTo/eLt  is  characteristic  field  of  electron  heating) 
for  different  sample  thicknesses  5o  =  djL,  is  shown. 

Fig.2  demonstrates  field  dependence  of  signal- to>noise  ratio  5n(a;,  E)  for  the 
same  conditions  as  in  Fig.l.  In  both  cases  considered  in  Fig.  1,2  interaction  only 
with  optical  phonons  has  been  taken  into  account. 

In  the  bulk  samples  at  high  electric  fields  the  current  density  is  saturated  and 
the  spectral  density  E^  is  proportional  to  E,.  Then  E)  i.e. 

the  signal-to-noise  ratio  decreases  with  increasing  of  Em  (dashed  line  in  Fig.2).  One 
can  follow  the  tendency  of  behavior  of  the  signaLto-noise  ratio  in  the  example  of 
extremely  thin  specimen,  where  Ohm’s  law  takes  place  at  high  electric  fields  and 
the  limitation  of  the  noise  at  the  level  of  the  equilibrium  fluctuations  is  realised 
at  the  same  time.  As  a  result  the  enhancement  of  signal-to-nmse  ratio  parameter 
SrSj^y  E)  can  be  attained. 


CONCLUSION 

Thus,  there  is  the  set  of  new  interesting  features  of  the  fluctuation  phenomena 
for  the  suse  effect  considered.  Among  them  the  suppresraon  of  the  low-i^ueucy 
current  noise  and  the  significant  increase  of  the  signaLto-noise  ratio  for  submicron 
structures  with  respect  to  the  volume  samples  take  place.  These  results  can 
be  extremely  of  interest  for  some  modem  device  applications.  Above  we  have 
presented  the  results  for  the  case  of  extremely  high  scattering  of  the  electron 
energy  at  the  surfaces,  when  the  effects  are  mmcimuin.  But  the  results  obtained 
are  not  critically  dependent  upon  thu  assumption.  The  effect  of  limitation  of  hot 
electron  fluctuations  has  to  be  observed  at  the  arbitrary  finite  rate  of  the  surface 
energy  scattering.  Note  that  the  presence  of  additional  energy  loss  mechanisms  at 
the  sample  surfaces  does  not  lead  to  decreasing  of  integral  intensity  of  fluctuations. 
Only  the  redistribution  of  the  fluctuations  occurs  over  the  spectrum  frequencies, 
i.e  the  decreasing  for  low  frequencies  and  increasing  in  the  range  of  a;  »  D/{2d)^. 
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ABSTRACT 

The  current  fluctuations  have  been  investigated  in  different 
GaAs/Al()^4GaQ^5As  superlattice  structures.  New  expressions  are  pre¬ 
sented  for  the  observed  1/f  and  white  noise.  These  expressions  are 
compared  with  experimental  results.  A  fair  agreement  has  been  found 
between  theory  and  experiment. 

INTRODUCTION 

Three  MBE  grown  multiquantum  wells  have  been  investigated  with  a 
thickness  of  0,5;  0.2  and  2  pm  and  consisting  of  25,  10  and  20 
periods  of  GaAs  wells  and  Al^  ^Ga^  ^As  barriers  with  thickness  of 

100  -  100  K  and  500  -  500  A,  respectively.  These  structures  are 
designed  to*  selectively  enhance  impact  ionization  by  electrons  in 
Capasso  avalanche  photodiodes.  2/2 

The  1/f  current  noise  shows  the  proportionality  I  and 

the  thermal  noise  =  (2/3)4kT/R^p  with  R^^  the  current  dependent 

dynamic  resistance  of  the  superlattice  structure.  The  experimentally 
observed  trends  agree  with  calculations  based  on  an  injection  diode 
model  applied  to  a  superlattice  period. 

MODEL  FOR  CURRENT  TRANSPORT  IN  MULTIQUANTUM  WELLS 

The  current  voltage  characteristic  of  a  n'*'nn'^  current  injection 
diode  depends  on  the  space-dependent  carrier  distribution  in  the 
short  n  region.  Here  the  GaAs  interfaces  are  considered  as  electron 
reservoirs  comparable  to  a  n"*”  contact  in  a  n'^nn"*’  structure  and  the 
AlGaAs  barrier  plays  the  role  of  the  n-material.  In  such  a  structure 
the  current  can  be  space  charge  limited. 

CALCULATIONS  FOR  THE  CURRENT  AND  CURRENT  FLUCTUATIONS 
IN  MULTIQUANTUM  WELLS 

An  analysis  of  the  dynamic  resistance  as  function  of  current  shows 
-1/3 

oc  I  '  (see  fig.  (I)).  If  we  assume  a  constant  mobility  p  =  in 

the  A1  Ga,  As  barrier  we  obtain  for  the  Mott-Gurney  law 
X  i-x 

I  =  9ep  SV^  /(Sl^)  with  e  =  e  e  the  permitivity  and  9.  the  length  of 
o  ext  o  r 

the  low  doped  barrier.  If  we  assume  a  saturated  velocity  in  the 

barrier  then  I  =  2e;Sv  ^/£^  and  for  the  assumption  of  balistic 

sat  ext 
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transport  in  the  barrier  with  a  velocity  given  by  1/2  mv^  =  qV  we 

-  t/9  1  ext 

expect  J  =  (4/9)(2q/m*)^EV^^^'^' ^ 

If  the  current-voltage  across  one  period  of  the  multiquantum 

well  is  given  by  I  =  1  (VfV)^  with  2  >  u  >  1,  I  and  V  characteris- 

o  o  ~  —  o  o 

tic  values  and  V  the  voltage  drop  across  one  period,  then  we  have  for 
p  periods 

I  =  I„(Vt/pV„)"  (1) 

with  the  applied  voltage  across  p  periods  in  series.  The  dynamic 
^d  static  resistances  then  become  for  one  single  period 

=  dV/dl  =  1/u  V/I  =  1/u  j-Y  (2) 

with  Y  =  (u-l)/o.  The  static  resistance  for  p  periods  R  becomes 

sp 

-  pRg  and  for  the  dynamic  resistance  of  p  periods  holds 

while  the  dependence  on  current  remains  as  for  a  single  period. 
Experimental  results  show  1/3  <y  <  1/2  or  o  ^  3/2  for  the  500  - 
500  A  structure  and  o  -  2  for  the  100  -  100  A  structure. 

Starting  from  Poisson  equation  6F/6x  =  6p/e  e  we  calculate  I  vs 

or 

V  assuming  that  q6n  =  6p  and  the  excess  charge  of  mobile  carriers  is 
not  compensated  by  ionized  impurities  and  the  mobility  is  given  by 

p  =  (3) 

with  a  critical  field  strength  and  0  <  m  <  1  we  find 
^  (3-m)  S.eu^F^  _  o 


Hence 


0  =  2-m  =  1/1-Y 


To  explain  our  experimental  results  we  need  3/2  <  u  <  2orl/3<Y<l/2 
which  means  0  <  m  <  1/2. 


The  1/f  and  thermal  noise  are  calculated  with  the_Langevin  method 
in  a  one  dimensional  treatment  resulting  in  l(x,t)  =  T  +  Al(x,t)  with 
Al(x,t)  =  0  and  AI(x,t)  .  Al(x' ,tXx-x' )  .  We  use  for  the  cross  corre¬ 
lation  spectrum  for  the  thermal  noise  S^^(x,x ' , f ) = 4kTSqpn(x)6(x-x' ) , 

The  current  spectrum  is  obtained  after  integration  over  a  barrier 
length  2-  by 
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Sj(f) 


i  S^/x,K'.f)dX.dx'  = 


.(x)dx  (6) 


Assuming  no  mobility  degradation  (m  -  0,  0-2  and  y  -  2)  we  find  for 


the  concentration 


3/2  1/2 


The  thermal  noise  for  one  period  in  the  MQW  structure  then  becomes 
with  eqs.  (6)  and  (7) 

S.  =  4kTS  .  =  (2/3)  ^  (8) 


Hence  for  m  =  0  holds  I  «  and  1/R^  which  agrees  with  the 

observed  experimental  results  in  fig.  (2). 

For  a  MQW  with  p  periods  in  series  the  thermal  noise  in  eq.  (8) 
must  be  divided  by  p  which  results  in 

3  .  (2/3)  ^  =  (2/3)  (9) 

MQW  ^  d  dp 

with  R  and  R,  the  dynamic  resistance  of  one  and  p  periods  respec- 
d  dp 

tively.  The  calculated  thermal  noise  from  eq.  (9)  agrees  with  the  ex¬ 
perimentally  observed  noise. 

The  1/f  noise  is  calculated  by  applying  the  empirical  relation 
[2,3]  and  using  the  cross  spectral  density  for  the  1/f  noise  source 
S^j(x,x',f)  =  (a  lVfSn(x))5(x-x' ).  The  current  spectrum  of  one  period 

is  found  after  integration  of  |  dx/n(x)  using  eq.  (7).  Assuming 
m=0(u=2)we  find 


'l  qeSVf 


a  I' 


Substituting  the  value  of  the  dynamic  or  static  resistance  leads  to 

aqu  R  2aqp  R.I^  o/o  , 

c  -  Q  S—  =  Q  cx  (11. 

1 

The  expected  voltage  fluctuations  =  R^S^  are  proportional  to  I 

for  u  =  2.  The  1/f  current  noise  of  the  complete  MQW  is  found  by  di¬ 
viding  Sj  for  one  period  by  the  number  of  p  periods  in  series. 

Hence  for  the  complete  MQW  the  1/f  current  noise  becomes 


^  ^  j3/2 


(p^)2  f  (p2-)^  f 
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Fig.  3  shows  the  experimental  results  for  the  l/f  noise. 

The  calculated  a  values  from  the  experimentaly  obtained  results  [4] 
using  the  abovementioned  equations  based  on  mobility  fluctuations  in 

the  AlGaAs  barriers  are  of  the  order  of  a  =  10  ^/p  with  p  in  cm^/Vs. 

EXPERIMENTAL  RESULTS 

”6  “3 

We  have  confined  ourselves  to  a  current  range  of  10  A  to  10  A 
where  the  dynamic  resistance  shows  a  proportionality  of  about 

R  oc  The  results  for  two  different  structures  are  presented 

dp 

in  fig.  1. 

We  have  performed  noise  measurements  at  room  temperature  in  a 
frequency  range  of  1  Hz  to  1  MHz.  At  frequencies  below  20  kHz  the  l/f 
noise  prevails  ,  above  the  white  (thermal)  noise  is  dominant.  We  have 
measured  the  noise  spectra  as  a  function  of  the  average  current  pas¬ 
sing  perpendicular  to  the  multi  quantum  well  structures. 


Fig.  1:  The  dynamic  resistance 

R,  versus  current  of  a  super- 
dp 

lattice  structure  showing 
-1  f'\ 

R ,  oc  I  .  Dots  are  from  20 
dp 

periods  of  500  A  GaAs  wells  and 

500  A  Al^  ,Ga^  .As  barriers; 

0.4  O.o 

circles  are  from  25  periods  of 

100  A  -  100  A. 


Fig.  2:  Thermal  noise  at  f=^100  kHz 
versus  current  of  a  superlattice 
with  20  periods  of  500  A  -  500  A, 

showing 
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ABSTRACT 

We  present  an  analysis  of  number  and  current  fluctuations  in  homogeneous  n-Si 
resistors  of  submicron  dimensions  by  employing  analytical  and  Monte  Carlo 
calculations.  Results  show  the  presence  of  long-time  tails  in  the  ballistic  regime,  which 
vanish  when  the  length  of  the  sample  becomes  comparable  with  the  carrier  mean-ffee- 
path.  In  the  diffusive  regime  different  time-scales  related  to  diffusion,  drift  and 
dielectric  relaxation  are  shown  to  characterize  the  behaviour  of  fluctuations. 

INTRODUCTION 

The  recent  trend  in  scaling  down  the  dimensions  of  a  device  deep  into  the 
submicron  size  has  emphasized  the  importance  of  a  better  understanding  of 
fluctuations  mainly  because:  (i)  Fluctuations  increase  with  decreasing  system  size;  (ii) 
The  electric  field  may  reach  quite  large  values,  thus  provoking  the  onset  of  hot-carrier 
phenomena^;  (iii)  Contacts  play  a  dominant  role*^.  The  aim  of  this  contribution  is  to 
present  analytical  and  Monte  Carlo  calculations  of  the  autocorrelation  functions  of 
number  and  current  fluctuations  in  homegenous  n-Si  resistors  when  going  from  the 
ballistic  to  the  diffusive  regime. 


BALLISTIC  REGIME 

The  system  we  consider  is  a  one-dimensional  resistor  of  length  I,  terminated  by 
ideal  contacts  i.e.:  (i)  When  arriving  at  a  contact  the  carrier  is  thermalized  immediately, 
thus  any  correlation  is  destroyed;  (ii)  The  contacts  always  remain  at  thermal 
equilibrium,  hence  emitting  carriers  according  to  the  Maxwell-Boltzmann  distribution 
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Fig.  1  -  Normalized  autocorrelation 
functions  of  number  and  current 
fluctuations  at  equilibrium  for  a  Si 
ballistic  resistor  at  T=300  K  for  the 
reported  parameters.  The  lines  are 
obtained  from  the  analytical  formula 
[Eqs.  (1)  and  (2)]  and  the  symbols 
represent  the  results  of  Monte  Carlo 
calculations. 


if  the  system  can  be  considered  as  classical.  In  this  case,  at  equilibrium,  the 
autocorrelation  functions  of  number  and  current  fluctuations  and  Cj  are  found  to 
be  given  by-^; 


ChW^N 


1  -  exp| 


0) 


(2) 


where  e  is  the  absolute  value  of  the  electronic  charge,  N  the  number  of  carriers  in  the 
sample  and  tj  the  average  transit-time,  here  equal  to  L^m  / 2kJC,  kg  being  the 


Boltzmann  constant,  T the  lattice  temperature  and  m  the  effective  mass.  We  notice  that 
both  Cj^  and  Cj  exhibit  a  nonexponential  behavior,  which,  in  the  limit  of  t  co,  is 
proportional  to  Xj  /t  and  {tj.  /tY ,  respectively.  The  long-time  tail  of  C^^is  related  to 


carriers  injected  with  small  velocity.  The  above  long-time  tail  is  not  present  in  Cj  since 
for  the  calculation  of  the  current  the  carriers  are  weighted  by  their  velocity.  These 
functions  are  shown  in  Fig.  1,  where,  together  with  the  analytical  curves  of  Eqs.  (1) 
and  (2),  we  have  reported  the  Monte  Carlo  results  obtained  with  the  same  microscopic 
model  of  Ref  [4].  These  last  have  been  calculated  by  considering  the  transport 
properties  of  a  small  slice,  with  dimension  L  (much  smaller  than  the  carrier  mean  free 
path),  of  a  homogeneous  resistor  of  length  Z).  We  remark  the  excellent  agreement 
between  the  analytical  and  the  Monte  Carlo  results,  giving  us  confidence  in  the 
microscopic  model  used  in  the  simulation. 


FROM  BALLISTIC  TO  DIFFUSIVE  REGIME 


Taking  advantage  of  the  above  agreement,  we  have  investigated  situations  where 
analytical  calculations  are  not  available.  To  this  end,  we  have  increased  the  length  of 
the  sample  to  study  the  transition  from  the  ballistic  to  the  diffusive  regime.  This  is 
shown  in  Fig.  2  for  the  case  of  number  fluctuations.  Here  we  observe  that,  by 
gradually  increasing  the  length  of  the  sample,  decays  more  slowly  at  short  times. 
This  is  attributed  to  the  fact  that  very  fast  carriers  have  a  large  probability  to  undergo 
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Fig.  2  -  Normalized  autocorrelation 
functions  of  number  fluctuations  at 
equilibrium  for  the  reported  parameters 
and  lengths  of  the  sample. 


Fig.  3  -  Normalized  autocorrelation 
functions  of  current  fluctuations  at 
equilibrium  for  the  reported  parameters 
and  lengths  of  the  sample. 


scatterings  and  therefore,  once  leaving  one  contact  they  reach  the  opposite  one  at 
longer  times.  A  second  effect  is  the  suppression  of  the  long-time  tail  (in  units  of  t  /  Xj\ 
which  is  related  to  the  decreasing  importance  played  by  carriers  entering  the  sample 
with  small  velocities.  Indeed,  because  of  scatterings  they  can  return  more  or  less 
quickly  to  the  contact  from  which  they  originate,  or  increase  their  velocity  from  the 
energy  gained  by  the  bath.  The  results  for  Cj  are  reported  in  Fig.  3  where  the  time  t 
has  been  divided  *by  the  collision  time  where  //  is  the  ohmic  mobility. 

Here,  by  increasing  the  length  of  the  sample,  Cj  decays  more  slowly  since  the 
characteristic  time  for  current  fluctuations  goes  from  the  transit-time  to  the  collision 
time,  finally  reaching  the  expected  exponential  shape  with  a  time  constant  given  by  the 
collision  time  when  the  regime  is  completely  diffusive. 

DIFFUSIVE  REGIME 


In  the  presence  of  scattering  processes  and/or  of  an  applied  electric  field,  Eqs.  (1) 
and  (2)  are  no  longer  valid.  We  conjecture  that  the  characterization  of  the  number 
fluctuations  by  means  of  a  characteristic  time  is  still  possible.  Plausible  candidates  are: 
the  diffusion  time  Xp  =1?  /D(E),  the  drift  time  x^^  =L  /v^(E)  or  the  differential 
dielectric  relaxation  time  x^  =  s  / enji' (E) .  Here  D  is  the  longitudinal  diffusion 
coefficient,  vj  the  average  drift  velocity,  s  the  dielectric  constant  of  the  material,  n  the 
carrier  concentration,  //'  the  differential  mobility  and  E  the  electric  field.  On  the  basis 
of  this  conjecture  we  introduce  the  characteristic  time  z;  given  by  the  parallel  of  the 
above  three  times  as:  x~^  =  Xp  -h  x~j  +  x~K  Then  we  have  investigated  the  number 
fluctuations  in  the  diffusive  regime  at  increasing  field  strengths.  Even  in  this  case  the 
function  is  found  to  exhibit  a  non-exponential  shape.  Anyway,  from  the  decay  of 
the  correlation  function  we  have  extracted  a  characteristic  time  which  has  been 
compared  with  the  analytical  one.  This  latter  has  been  determined  through 
phenomenological  expressions  for  Z),  vj  and  //  as  functions  oiE^ .  In  Fig.  4  we  have 
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Fig.  4  -  Characteristic  times  associated 
with  fluctuations  of  N(t)  as  a  function  of 
the  electric  field  in  the  diffusive  regime 
for  the  reported  parameters.  The  dashed 
line  and  the  closed  triangles  refer  to 
calculations  for  a  low  carrier 

concentration  of  10^^  cm~^\  the 

continuous  line  and  the  open  squares  to 
calculations  for  a  high  carrier 

1  2  3  4  5  6  7  concentration  of  70^^ 

logijE(V/cm)] 

reported  the  results  obtained  from  the  Monte  Carlo  (symbols)  and  the  analytical 
calculations  (lines)  for  two  different  carrier  concentrations.  The  good  agreement  found 
between  the  Monte  Carlo  results  and  the  analytical  expression  for  r  supports  our 
conjecture.  Furthermore,  we  remark  that,  at  low  density,  the  characteristic  time  goes 
from  the  large  value  of  r£)  to  the  short  of  On  the  contrary,  at  high  density,  it  goes 
from  the  short  value  of  to  the  large  of  . 

CONCLUSIONS 

The  main  results  of  the  calculations  are  summarized  as  follows:  (i)  Excellent 
agreement  has  been  found  between  the  analytical  expressions  for  the  autocorrelation 
functions  of  number  and  current  fluctuations  in  the  ballistic  regime  and  the 
corresponding  Monte  Carlo  calculations,  (ii)  In  the  ballistic  regime  we  have  evidenced 
a  long-time  tail  in  number  fluctuations  related  to  the  dominant  role  played  by  carriers 
with  small  velocity,  (iii)  In  passing  from  the  ballistic  to  the  diffusive  regime  the  long¬ 
time  tail  vanishes  due  to  the  presence  of  scatterings,  (iv)  In  the  diffusive  regime 
different  time-scales  related  to  diffusion,  drift  and  dielectric  relaxation  are  shown  to 
characterize  the  behaviour  of  number  fluctuations. 
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Abstract 

In  this  paper  we  report  on  delay-induced  instabilities  observed  in  first  order  phase- 
locked  loops  which  lead  to  27r-periodic  jiunps  of  the  phase  error  signal.,  a  so-called 
cycle  slipping  motion.  Spectreil  measurements  of  this  behavior  yield  a  1//  spectrum. 

1.  Introduction 

Phase-locked  loops  (PLL’s)  under  the  influence  of  external  modulation  can  show  a 
variety  of  dyneimical  instabilities  when  driven  in  their  nonlinear  regime^.  When  taking 
into  accormt  the  finite  propagation  time  of  the  signal  in  the  nonlinear  feedback  loop, 
time  delay  effects  may  become  important  giving  rise  to  chaotic  instabilities  even  in 
first  order  PLL’s. ^  Such  delay-induced  instabilities,  first  predicted  in  physics  by  Ikeda® 
foimd  a  widespread  application  especially  in  optical  bistable  devices^’^’®  but  also  in 
many  other  scientific  disciplines  like  physiological  control  systems^  and  economics®.  In 
applications  where  a  synchronous  operation  of  the  components  is  required,  instabilities 
leading  to  a  cycle  slipping  motion  are  aumoying  feature  since  they  influence  the 
quality  of  the  device  under  consideration.  It  is  therefore  desirable  to  elucidate  this 
phenomenon  both  from  an  experimental  and  a  theoretical  point  of  view.  To  this  end 
we  first  present  an  experimental  method  how  to  detect  these  phase  jumps  and  how 
to  analyse  their  spectrad  characteristics.  We  then  show  that  a  simple  delay  differential 
equation  modelling  the  dynamical  behavior  of  the  loop  can  exhibit  the  same  phenomena. 

2.  Experimental  Results 

The  experimental  setup  of  the  delayed  synchronization  of  a  first  order  PLL  is  shown 
in  Fig.  1.  The  experiments  were  done  at  a  reference  frequency  of  135  MHz  with  a 
sinusoidal  phase  detector  (HP  10514A  Mixer).  The  analog  delay  line  (r  =  Ibfisec) 
models  time  delays  which  could  arise  in  the  feedback  loop.  The  low-pass  filter  shown 
in  Fig.  1  serves  us  only  to  eliminate  higher  frequency  components.  Its  bandwidth  will 
be  assiuned  to  be  sufficiently  high  as  not  to  influence  the  order  of  the  loop. 

Experimentally,  phase  jiunps  in  multiples  of  ±27r  cannot  be  detected  directly  at  the 
output  of  a  phase  detector  since  it  is  insensitive  to  signals  which  are  shifted  by  27r. 
Therefore  we  have  realized  a  system  using  digital  frequency  dividers  {N  =  10)  which 
reduces  the  phase  jumps  to  multiples  of  At  an  additional  phase  detector  these 
jumps  could  then  be  detected.  As  a  control  parameter  we  have  chosen  the  sensitivity  of 
the  local  oscillator  which  depends  linearly  from  the  open  loop  gain  K.  When  K  >  104 
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Figure  1:  Experimental  Setup  of  a  first  order  PLL  with  analog  delay  lines. 


kHz  an  oscillatory  instability  of  the  phase  error  signal  occurs.  Although  the  output 
signal  is  oscillatory  in  this  regime,  the  loop  still  ’’synchronizes”  the  phase  difference  of 
the  two  oscillators.  This  can  be  seen  by  altering  the  angular  frequency  deviation  Aa; 
which  leads  to  an  additional  dc  component  of  the  phase  error  signal. 

When  the  control  parameter  exceeds  K  >  211  kHz  the  loop  desynchronizes  and 
a  cycle  slipping  motion  of  the  phase  error  signal  occurs  which  means  that  the  signal 
leaves  its  basin  of  attraction  and  begins  to  jump  in  an  irregular  way  between  different 
attractors  shifted  by  |A0|  =  27r  (Fig.  2).  A  spectral  analysis  of  this  cycle  slipping  be¬ 
havior  leads  to  a  1//  spectral  distribution  (Fig.  3).  The  specific  spectral  characteristics 


Figure  2:  Cycle  slipping  of  a  first  order  Figure  3:  Spectral  distribution  of  the  cycle 
P LL  with  time  delay.  slipping  motion 


of  the  cycle  slipping  process  is  due  to  cin  intrinsic  deterministic  effect  of  the  nonlinear 
dynamics  of  the  loop  and  doesn’t  result  from  a  fluctuating  environment  since  white  or 
1//^  noise  introduced  as  a  perturbation  into  the  loop  leaves  the  spectrum  imchanged. 
It  wotild  be  of  great  interest  to  know  if  the  1//  spectnim  is  related  to  an  intermittent 
behavior  of  the  delay  system.  Recent  investigations  of  an  intermit tency  route  to  chaos 
in  delay  systems^  as  well  as  studies  on  the  chaotic  behavior  of  Josephson  jimctions^® 
leading  to  a  similar  cycle  slipping  process  of  the  quantum  phase  difference  across  the 
jimction  seem  to  confirm  this  conjecture. 

Experiments  done  with  first  order  PLL’s  in  the  absence  of  time  delays  point  out 
that  the  cycle  slipping  motion  originating  from  this  device  is  also  associated  with  a 
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l//“  spectrum  with  a  «  0.8  (see  Figures  4  and  5).  However,  in  this  case  the  PLL  has 


Figure  4:  Cycle  slipping  of  an  ordinary  Figure  5:  Spectral  distribution  of  the  cycle 
first  order  PLL  slipping  motion 


to  he  operated  in  the  vicinity  of  its  out-of-lock  condition  and  random  perturbation  are 
required  in  order  to  induce  the  cycle  slipping  motion. 

These  results  suggest  that  the  1/f  spectrum  is  a  very  general  feature  although  its 
origin  can  be  quite  different.  Especially  in  the  case  where  the  loop  has  to  synchronize 
over  a  wide  frequency  range  (high  open  loop  gain),  even  small  time  delays  can  induce 
instabilities  of  the  above  kind  which  will  considerably  influence  the  quality  of  the  device. 

3.  Theoretical  Considerations 

The  dynamical  behavior  of  the  phase  error  signal  ^(t)  of  a  first  order  PLL  with 
time  delay  can  be  described  by  the  delay  differential  equation^ 

+  K  sm[(l>{t  -  r)]  =  Au;  (1) 

where  r  denotes  the  delay  time  and  Au?  the  angular  frequency  deviation  between  the  two 
oscillators.  The  experimentally  observed  oscillatory  instability  is  easily  derived  from 
a  linear  stability  analysis  of  eq.  (1).  It  can  be  shown  that  a  Hopf  bifurcation  occurs 
when  the  control  parameters  K  and  r  exceed  Kr  >  7r/2.  The  corresponding  angular 
frequency  of  the  oscillation  is  then  given  by  Lti  ==  7r/(2r).  As  the  control  parameters 
are  increased  further,  more  and  more  modes  become  imstable  at  the  threshold  Vcdues 
Kr  =  (n—  ^tt)  ,  n  =  1,2,...  with  corresponding  angular  frequencies  at  —  (2n— 1)01. 
When  the  cunplitude  of  the  signal  crosses  a  sepsiratrix  between  different  attractors  sepa¬ 
rated  by  I  A<^|  —  27r  a  cycle  slipping  motion  can  be  observed  in  the  numerical  simulations 
(Fig.  6).  In  Fig.  7  the  corresponding  attractors  are  reconstructed  in  the  phase  plane  by 
plotting  (l>{t  —  r)  versus  Although  the  values  at  the  onset  of  the  jump  process  dif¬ 
fer  from  the  measured  values  the  spectral  behavior  yields  the  same  1/f  characteristics 
(Fig.  8a).  It  should  be  emphasized  that  the  spectral  distribution  changes  qualitatively 
if  the  sinusoidally  modulated  phase  error  signal  taken  from  the  output  of  the  first  phase 
detector  is  analyzed.  In  this  case  the  1/f  spectriun  is  destroyed  (Fig.  8b).  The  reason 
is,  that  due  to  the  insensitivity  of  the  phase  detector  the  output  signal  does  no  longer 
contain  phase  jumps. 
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Figure  6:  Numerical  simulations  of  the  cy¬ 
cle  slipping  motion 


Figure  7:  Reconstruction  of  the  corre¬ 
sponding  attractors  in  the  phase  plane 
from  a  time  series 


Freauency 

Figure  8:  Spectral  distribution  of  the  phase  error  signal  from  eq.  (1)  (a);  sinusoidally 
modulated  signal  as  it  could  be  observed  at  the  output  of  a  phase  detector  ,(b). 
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ABSTRACT 

Comparative  studies  of  the  1//  noise  and  radiation  response  of  MOS  transistors 
strongly  suggest  that  similar  point  defects  are  responsible  for  their  1//  noise  and 
radiation-induced  oxide-trap  charge  buildup.  A  prime  candidate  for  this  common 
defect  has  been  identified  in  radiation  effects  studies  as  an  E’  (E-prime)  center, 
which  is  a  trivalent  Si  center  in  Si02  associated  with  a  simple  oxygen  vacancy. 
Thus,  methods  to  reduce  the  number  of  vacancies  in  the  Si02  layer  of  MOS 
technologies  can  dramatically  reduce  the  1//  noise  of  irradiated  or  unirradiated 
MOS  devices.  MOSFETs  built  with  radiation-hardened  process  techniques  show  1// 
noise  levels  approaching  the  low  levels  of  JFETs.  1//  noise  measurements  can  also 
be  used  to  predict  the  oxide-trap  charge  buildup  in  MOS  electronics  in  radiation 
environments,  such  as  those  encountered  in  many  military,  nuclear  reactor,  high- 
energy  accelerator,  and  satellite  and  spacecraft  environments.  Using  "radiation- 
hardened"  circuits  and  devices  in  these  applications  can  dramatically  improve  the 
performance  of  analog  MOS  electronics. 

INTRODUCTION 

MOSFETs  historically  have  exhibited  large  Iff  noise  magnitudes  because  of 
carrier-defect  interactions  that  cause  the  number  of  channel  carriers  and  their 
mobilities  to  fluctuate.^  Uncertainty  in  the  type  and  location  of  defects  that  lead  to 
the  observed  noise  have  made  it  difficult  to  optimize  MOSFET  processing  to  reduce 
the  level  of  Iff  noise.*  This  has  limited  one’s  options  when  designing  devices  or 
circuits  (high-precision  analog  electronics,  preamplifiers,  etc.)  for  low-noise 
applications  at  frequencies  below  -10-100  kHz. 

Over  the  last  five  years  we  have  performed  detailed  comparisons  of  the  low- 
frequency  1//  noise  of  MOSFETs  manufactured  with  radiation-hardened  and  non¬ 
radiation-hardened  processing.  We  find  that  the  same  techniques  which  reduce  the 
amount  of  MOSFET  radiation-induced  oxide-trap  charge  can  also  proportionally 
reduce  the  magnitude  of  the  low-frequency  1//  noise  of  both  unirradiated  and 
irradiated  devices.  MOSFETs  built  with  radiation-hardened  device  technologies 
show  noise  levels  up  to  a  factor  of  10  or  more  lower  than  standard  commercial 
MOSFETs  of  comparable  dimensions.  Our  quietest  MOSFETs  show  noise 
magnitudes  that  approach  the  low  noise  levels  of  JFETs.  We  have  also  found  that 
1//  noise  measurements  provide  the  first  nondestructive  test  for  the  radiation 
hardness  of  MOS  devices,  which  is  of  great  significance  to  military,  space,  reactor, 
and  high-energy  particle  accelerator  electronics. 
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EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Two  primary  types  of  defects  affect  the  electrical  response  of  MOSFETs: 
oxide-trap  charge  and  interface  traps.  Figure  1  schematically  illustrates  one  method 
to  separate  their  effects  on  MOSFET  electrical  response  using  ionizing  radiation. 
Shown  are  current- voltage  traces  before  and  after  the  device  is  irradiated.  The 
shift  in  the  (extrapolated)  midgap  voltage,  has  been  shown  to  be 

approximately  equal  to  the  portion  of  the  MOSFET  threshold-voltage  shift  due  to 
oxide-trap  charge,  The  difference  between  the  net  threshold- voltage  shift, 

AVjh,  and  AV^t  is  approximately  equal  to  the  threshold-voltage  shift  due  to 
interface  traps,  AVjt.  Note  that  AV^t  and  AV^j  are  proportional  to  the  number  of 
radiation-induced  trapped -charge  precursor  defects  in  the  oxide  and  at  the  Si/Si02 
interface,  respectively.  Thus,  comparing  the  1//  noise  of  unirradiated  MOSFETs  to 
AVot  and  AV|t  for  irradiated  devices  allows  one  to  evaluate  the  relative  importance 
of  defects  in  the  oxide  and  defects  at  the  interface  on  MOSFET  1//  noise. 


GATE  VOLTAGE  (V) 

Fig.  1.  Schematic  illustration  of  a  method  to  use  current-voltage 
measurements  before  and  after  exposure  of  a  MOSFET  to  ionizing 
radiation  to  infer  relative  densities  of  radiation-induced  oxide-trap 
charge  and  interface  traps  (after  Refs.  3  and  4). 

Figures  2(a)  and  (b)  show  such  a  comparison  for  n-channel  MOSFETs  made  in 
a  single  process  lot  at  Sandia  National  Laboratories.^*'^  On  the  y-axis  in  each  figure 
is  the  normalized  noise  magnitude,  K,  where 

K  -Sv(Vg  -  Vth)2f  (Vd)'2  ,  (1) 

Sy  is  the  excess  voltage-noise  power  spectral  density  measured  at  room  temperature 
under  constant  current  bias  in  the  linear  regime  of  transistor  operation,®  Vq  and  Vp 
are  the  gate  and  drain  voltages  during  the  noise  measurements,  and  f  is  the 
frequency.  For  these  measurements,  which  were  performed  on  unirradiated 
devices,  Sy  ~  f-i-O  ±  o.i  fpr  o.2  Hz  <  f  <  100  Hz.®  On  the  x-axis  in  Figs.  2(a)  and 
(b)  are  AV^t  and  AVjt,  respectively,  inferred  via  the  method  of  Fig.  1,  following  100 
krad(Si02)  Co-60  irradiation  at  an  oxide  electric  field  of  ~3  MV/cm  for  identical 
devices  from  the  same  wafers.  Values  of  K  varied  by  less  than  -30%  and  values  of 
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AVot  and  AVjt  varied  by  less  than  -10%  for  nominally  identical  devices  from  the 
same  wafer.  Results  are  shown  for  seven  different  wafers  from  the  same  lot  which 
received  gate-oxide  processing  ranging  from  moderately  radiation -hardened  (A)  to 
commercial-like  non-radiation-hardened  technology  (E).  All  other  steps  were  the 
same»  so  differences  in  gate-oxide  processing  could  be  isolated  from  the  effects  of 
other  potential  differences  in  device  processing  on  the  noise.  [Two  wafers  were 
measured  from  splits  A  and  D,  which  showed  identical  AV^t  in  Fig.  2(a)  but  slightly 
different  AVjt  on  the  expanded  scale  of  Fig.  2(b).] 


AV,t(V) 

Fig.  2.  K(10  Hz)  Vi.  (a)  and  (b)  AKu  for  MOSFETs  built  in  the 

same  process  lot  but  with  five  different  gate  oxidation  treatments 
(A-E).  Solid  symbols  are  hardened  gate  oxides,  and  open 
symbols  are  commercial  gate  oxides  (after  Refs.  6  and  7). 

In  Fig.  2(a)  a  one-to-one  correlation  is  observed  between  the  1//  noise  of 
unirradiated  MOSFETs  and  AV^j  after  irradiation.  The  noise  of  devices  with  the 
smallest  AV^t  is  more  than  10-times  lower  than  for  those  with  the  highest  AV^t.  A 
similar  correlation  is  not  observed  between  K  and  AVjt  in  Fig.  2(b).  In  particular, 
wafers  C  and  E  show  the  same  AVit  but  noise  levels  that  differ  by  nearly  a  factor 
of  10.  Figures  2(a)  and  (b)  show  that  the  low-frequency  (e.  g.,  less  than  -1  kHz) 
iff  noise  is  more  strongly  related  to  oxide- trap  charge  precursor  defects  (density 
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proportional  to  AVoj)  than  to  interface-trap  precursor  defects  (density  proportional 
to  AVjt).  We  note  that  many  previous  studies  have  attributed  the  low-frequency  1//. 
noise  of  MOSFETs  to  "interface  states."  As  we  have  discussed  in  detail  in  Refs.  8 
and  9,  interface-  and  oxide-trap  charge  effects  may  have  been  inadequately 
separated  and/or  imprecise  nomenclature  used  in  much  of  this  work.  This  can  lead 
to  great  confusion  in  trying  to  compare  the  results  of  different  studies,  and 
reinforces  the  need  to  critically  assess  the  nature  of  the  defects  responsible  for 
MOSFET  noise  in  each  case.®  (High-frequency  I//  noise  above  ~1  kHz  in  the 
subthreshold  regime  of  device  operation  appears  truly  to  be  caused  by  interface 
traps, but  near-interfacial  oxide  traps,  i.  e.  "border  traps,"  appear  to  cause  the  vast 
majority  of  MOSFET  1//  noise  in  the  literature.®.®) 

In  recent  work,  we  have  shown  that  the  striking  correlation  between  the  low- 
frequency  1//  noise  and  oxide  traps  observed  in  Fig.  2(a)  can  be  explained  quite 
naturally  using  a  simple  number  fluctuation  model,7.ii-is  the  result  that 

K  kT  (A  /cg  fy  D  a  Eg  (-AV^t)  ,  (2) 

where  k  is  the  Boltzmann  constant,  T  is  the  absolute  temperature,  A  is  the  gate  area 
of  the  device,  /Cg  is  the  number  of  electron-hole  pairs  generated  per  unit  dose  in 
the  oxide  of  the  MOSFET  during  the  irradiations  of  Fig.  2,^  fy  is  the  probability 
that  an  individual  electron-hole  pair  escapes  recombination,’'  D  is  the  Si02  radiation 
dose,  a  is  the  effective  trap  capture  cross-section  (assumed  for  simplicity  to  be 
equal  for  the  1//  noise  and  radiation-induced  hole-trapping  results  reported  here’^). 
Eg  is  the  Si02  band  gap,  and  is  Si02  dielectric  constant.^-i®  The  physical 
basis  for  Eq.  (2)  is  discussed  in  detail  in  Refs.  7  and  13.  Finally,  we  should  point 
out  that  the  proportionality  between  the  preirradiation  \/f  noise  level,  K,  and  the 
postirradiation  value  of  AV^t  in  Eq.  (2)  suggests  that  noise  measurements  can  be 
used  to  screen  MOS  devices  that  are  to  be  used  in  high-radiation  environments  such 
as  those  experienced  in  space,  military,  nuclear  reactor,  and  high-energy  particle 
accelerator  applications.  The  advantages  of  using  1//  noise  as  a  nondestructive 
screen  of  MOS  radiation  hardness  are  discussed  in  detail  in  Ref.  13. 


Fig.  3.  Magnitude  of  AK^t  as  a  function  of  post-gate-oxidation  N2 
anneal  temperature  for  MOS  devices.  (After  Ref.  14.) 
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In  previous  studies,  it  has  been  demonstrated  that  values  of  are 

proportional  to  the  number  of  oxygen  vacancies  near  (i.  e.,  within  -5  nm  of)  the 
Si/Si02  interface4^"^®  Figure  3  illustrates  one  way  to  reduce  AVot,  and  thus  the 
number  of  vacancies  and  the  low-frequency  1//  noise.  Here  we  show  AV^t  as  a 
function  of  the  highest  temperature  a  MOSFET  experiences  during  processing  after 
the  gate  oxide  is  grown.  All  of  these  post-gate  anneals  were  performed  in  a 
nitrogen  environment.^^  Clearly,  any  post-gate  N2  anneal  above  ~875‘’C  results  in 
a  large  increase  in  AVot  and,  per  Fig.  2(a),  the  1//  noise  of  the  device.  In  previous 
work  on  radiation  effects  on  MOS  devices  and  circuits,  many  other  process  steps 
have  been  identified  which  can  affect  the  radiation  hardness  of  MOSFETs.^®  Thus, 
work  on  MOS  radiation  effects  can  be  adapted  to  decrease  the  noise  of  unirradiated 
MOS  devices.  We  have  also  shown  that  the  noise  of  irradiated  MOS  devices 
correlates  with  the  radiation-induced  oxide-trap  charge  (and  usually  not  with  the 
interface-trap  charge),i®*20  so  reducing  the  number  of  vacancies  in  a  MOS  oxide 
can  greatly  reduce  the  noise  of  both  irradiated  and  unirradiated  devices. 


f  (Hz) 


Fig.  4.  Comparison  of  commercial  and  radiation-hardened  MOSFET 
noise  to  n-  and  p-JFET  noise  for  devices  of  similar  dimensions. 

The  commercial  MOSFET  and  n-  and  p-JFET  data  are  from 
Ref.  21.  The  hardened  MOSFET  is  from  this  work. 

In  Fig.  4  we  compare  the  noise  of  MOSFETs  made  in  a  radiation-hardened 
process  with  that  of  standard  commercial  MOSFETs  of  similar  dimensions,  as  well 
as  with  n-  and  p-JFETs.^3»2i  radiation-hardened  MOSFET  is  from  our  work; 
the  other  curves  are  from  the  literature.^^  The  1//  noise  in  the  radiation-hardened 
MOSFET  is  more  than  a  factor  of  10  below  the  noise  of  the  commercial  MOSFET, 
and  is  only  3-6  times  above  that  of  the  quiet  JFET  devices.  This  shows  that 
understanding  and  controlling  the  defects  in  the  oxide  of  a  MOSFET  can  greatly 
reduce  its  1//  noise.  The  option  of  designing  circuits  and  systems  with  low-noise 
MOSFETs  should  greatly  enhance  one’s  flexibility  in  low-noise  applications. 

In  summary,  we  have  demonstrated  a  strong  correlation  between  1//  noise  and 
radiation-induced  oxide-trap  charge  trapping  in  MOSFETs.  This  allows  process 
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techniques  which  have  already  been  developed  to  reduce  the  oxide-trap  charge 
buildup  in  irradiated  MOS  devices  to  be  used  to  reduce  the  I//  noise  of 
unirradiated  or  irradiated  MOS  devices.  Noise  measurements  can  provide  a 
practical  screen  to  assess  the  radiation  hardness  of  MOSFETs  without  the  need  for 
destructive  radiation  testing.  We  have  demonstrated  that  comparative  studies  of  the 
1//  noise  and  radiation  response  of  MOSFETs  provide  (1)  insight  into  the  origin  of 
the  noise,  (2)  benefits  for  the  design  of  transistors  with  lower  noise,  and  (3) 
assistance  for  fielding  systems  with  greater  radiation  tolerance. 

We  thank  P.  S.  Winokur  for  stimulating  discussions,  and  T.  P.  Doerr  for 
experimental  assistance.  This  work  performed  at  Sandia  National  Laboratories  and 
at  Oberlin  College  was  supported  by  the  U.  S.  Department  of  Energy  under 
Contract  No.  DE-AC04-76DP00789  and  the  Defense  Nuclear  Agency  through  its 
hardness  assurance  program. 
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ABSTRACT 

Some  experimental  studies  on  1/f  noise  in  MOS  transistors  are  reviewed. 
Arguments  are  given  for  the  two  schools  of  thought  about  the  origin  of  1/f  noise. 
The  consequences  of  models  based  on  number  or  mobility  fluctuations  on  the 
device  geometry  and  on  the  bias  dependence  of  the  1/f  noise  are  discussed.  The 
correlation  or  lack  of  correlation  between  degradation  effects  by  hot  carriers  or  by 
irradiation  on  one  hand  and  the  1/f  noise  on  the  other  hand  is  considered  in  terms 
of  a  AN  or  A/x. 


INTRODUCTION 


A  generally  accepted  model  explaining  the  1/f  noise  in  all  p-  and  n-channel 
MOS  transistors  is  still  lacking.  The  increase  of  1/f  noise  through  degradation  by 
hot  carriers  or  irradiation  is  often  used  as  a  proof  for  the  surface  and  hence  a  AN 
origin  of  the  1/f  noise.  However  the  majority  of  results  obtained  not  on  MOS 
transistors  but  on  homogeneous  semiconductors  or  constriction  dominated  contacts 
can  be  described  by  an  empirical  relation^’  ^ 


_  _c^ 

'  Nf 


(1) 


where  a  is  not  a  constant  but  a  volume  and  device  length  independent'*  1/f  noise 
parameter  between  10^  and  10  \  N  is  the  total  number  of  free  charge  carriers  in 
a  homogeneous  sample  with  perfect  contacts  or  it  is  a  well  defined  reduced 
number  of  free  charge  carriers  in  samples  submitted  to  nonuniform  fields^  as  is 
often  the  case  in  contacts  without  interface  problems.  Experimental  results  obeying 
the  empirical  relation  imply  that  the  1/f  noise  source  is  homogeneously  distributed 
in  the  bulk  of  the  device  which  indicates  a  bulk  origin  for  the  1/f  noise. This 
relation  has  been  applied  successfully  for  p-n  diodes  and  bipolar  transistors^ 

The  MOS  transistor  is  by  excellence  an  interface  dominated  device.  The  1/f 
noise  of  n-channel  devices  has  been  ascribed  successfully  by  carrier  number 
fluctuations  AN,  which  are  caused  by  tunnelling  of  free-charge  carriers  into  oxide 
traps  close  to  the  Si-Si02  interface’.  Classical  arguments  in  favour  of  the 
McWhorter  model  are  the  observed  proportionality  between  trap  density  and  1/f 
noise*"’.  Recent  arguments  for  the  AN  origin  of  1/f  noise  in  MOS  transistors  are 
the  evolution  of  dc  and  1/f  noise  characteristics  through  degradation  by  hot 
electrons”’  or  by  ionizing  irradiation The  p-MOS  transistor  has  often  a 
channel  at  a  larger  distance  from  the  interface  and  is  sometimes  easier  to  interpret 
in  terms  of  A^  than  in  terms  of  AN.  Here  we  discuss  both  points  of  view  and 
explain  why  the  1/f  noise  in  a  MOS  transistor  is  still  a  problem  that  gives  rise  to 
much  controversy. 
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GEOMETRY  AND  BIAS  DEPENDENCE  IN  VIEW  OF  AN  OR  A/x 

The  1/f  noise  parameter  a.  is  used  in  our  analysis  as  a  figure  of  merit  and  not 
to  suggest  a  A)u  origin  of  the  1/f  noise.  Its  value  is  gate  length  independent  for 
both  models\  For  the  sake  of  simplicity  we  assume  no  series  resistance  or  edge 
current  problems.  This  results  in  generally  accepted  dependence  between  the  1/f 
noise  in  MOSTs  and  the  channel  area,  the  dependence  on  oxide  thickness  is  still 
under  discussion.  We  start  from  empirical  relation  and  do  not  suggest  A/x 
fluctuations.  From  eq.  (1)  N  =  CoxVG*W//q  and  the  simple  current- voltage 
equations  for  MOS  transistors  we  find  the  calculated  1/f  noise  for  MOSTs  biased 
above  threshold  voltage'^: 

(i)  below  saturation  (V  <  I  <  IJ  with  V,  the  drain  source  saturation  voltage 
and  I,  the  saturation  current 


h  «  _I_  (2) 

X  W! 


S,  =  aq\i^C^^VQ\/^ 


W 


W 


(3) 


with  fx  the  mobility,  Vq*  the  effective  gate  voltage,  R  the  channel  resistance,  Co, 
the  oxide  capacitance  per  unit  area,  W  and  /  the  channel  width  and  length 
respectively.  In  the  ohmic  region  V  <  VoVIO  holds,  Sj/o  =  Sy/V^  ^  Sr/R^Sq/G^ 
(ii)  in  saturation  holds  for  the  /  and  W  dependence 


C  ^  2/>  ,/*3  W  W 
Sis  ‘  7f°'~p 


(4) 


1 


(5) 


or  in  equivalent  input  noise  voltage  with  Sy^q  S„/g„ 

^  ^  ^  J_ 

^  WICJ  "  Wl 


(6) 


aqi 


1/2 


ki^2/i/2 


(7) 


The  I/f  noise  of  devices  with  different  channel  area  and  W//  ratios  have  been 
compared  with  the  proportionalities  given  in  eqs.  (2  -  7).  If  the  devices  do  not 
suffer  from  important  series  resistance  contributions’’’  or  channel  edge 
currents,  the  electrical  dimensions  /  and  W  are  used,  and  the  devices  are  biased 
at  fixed  effective  gate  voltages,  no  strong  deviations  between  calculated  and 
experimentally  observed  AV  dependence  are  observed’^  In  Fig.  I  experimental 
results  in  support  of  eq.  (4)  are  presented. 
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To  discriminate  between  An  and  Ajtt  models  the  1/f  noise  must  be  studied  as 
a  function  of  gate  voltage  becomes  both  models  predict  the  same  dependence  on 
/  and  W.  The  Aju  model  predicts  a  gate  voltage  independent  a  value  (lO'^  <  a  < 
10'^)  if  there  is:  (i)  no  appreciable  mobility  degradation  with  increasing  bias 
voltages'^’ (ii)  a  uniform  noise  source  under  the  SiOj  can  be  assumed'  and  (ni) 
the  Si-Si02  interface  is  flat  and  there  are  no  spatial  nonuniformities  in  the  oxide 
charge'^  These  conditions  are  important  because:  (i)mobility  degradation  by 
scattering  mechanism  other  than  lattice  scattering  reduces  the  a  parameter  ■  ,  (n) 
reduced  crystal  quality  results  in  high  o;  values^®’ and  (iii)  at  low  Vq*  spatial  field 
fluctuations  at  the  interface  induce  cavities  in  the  inversion  layers.  Si-SiOj 
interface  roughness  and  spatial  field  fluctuations  results  in  a  Swiss-cheese 
channel.  This  results  in  an  increased  interface  surface  and  trap  number.  This  leads 
to  current  constrictions  and  a  marked  increase  in  1/f  noise  at  lower  Vc*.  By 
overlooking  the  nonuniform  current  density  in  the  channel  an  increasing  apparent 
a  value^®  is  obtained  with  decreasing  The  Swiss-cheese  model  explains  easily 
an  increase  of  resistance  with  10%  and  an  increase  in  1/f  noise  by  a  factor  10  by 
taking  into  account  an  inhomogeneous  current  density  in  the  same  way  as  in  Ref. 
30.  Increasing  cavity  holes  with  decreasing  Vg*  is  a  good  alternative  to  explain  a 
dependence  of  a  «  Vg*  '  often  interpreted  as  a  proof  for  AN^. 

If  the  AN  model  holds  we  find  for  a 

^ox  ^  ^ox 
Vq  Vq 


with  Xo  the  characteristic  decay  length  of  the  electron  wave  function  («lA), 
XoDo(  ^  1 0'^cm'CeV) ')  trap  density ,  x^C «  30A)  the  largest  trapping  distance  resulting 
in  a  1/f  spectrum  over  13  decades  in  frequency  and  the  relative  dielectric 
constant  of  the  gate  oxide.  The  proportionality  from  eq.  (8)  of  a  =  a,EJ(VG  /U) 
should  be  a  proof  for  the  validity  of  the  AN  model  in  MOS  transistors,  ar  is  a 
reference  value  at  a  field  strength  of  VgVU  =  Ec  a  critical  field  strength.  The 
typical  AN-type  dependence  of  a  on  Vg*  and  U  has  its  consequences  for  the  bias 
and  oxide  thickness  dependence  of  the  1/f  noise  in  eqs.  (2)-(7).  The  1/f  noise  is 
often  expressed  in  simulation  oriented  equations.  If  the  AN-model  holds  (a 
U/Vg*)  we  find  for  MOSTs  biased  in 
(i)saturation 


f 


(9a) 


/2 


(9b) 


WIf 
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An  overwhelming  number  of  publications  especially  for  N-channels  showed 
a  «  Vg*  ^  and  its  consequences  in  bias  dependence  of  the  1/f  noise  see  for  example 
refs.  (13-19),  (8-10).  The  straightforward  interpretation  gives  support  for  the  AN 
model.  Invoking  increasing  inhomogeneous  current  density  in  the  inversion  layer 
at  decreasing  Vg*  to  explain  ol  ^  Vg*  ^  trends  is  also  a  possible  in  terms  of  the  A/x- 
model. 

A  new  1/f  noise  modeP'  based  on  A  jx  and  two-dimensional  device  simulator 
results  for  MOSTs  in  saturation  and  deep  saturation  showed  almost  no  difference 
with  the  AN  results.  Their  experimental  results  agree  with  both  AN  and  Aft 
interpretations. 

The  temperature  dependence  as  predicted  by  AN  eq.  8,  T,  has  not  been 
observed  at  T  =  SOCK  and  77K^^’”. 

HOT  CARRIER  DEGRADATION,  A  PROOF  FOR  AN? 

The  1/f  noise  has  been  used  as  a  more  powerful  tool  than  dc  characteristics 
for  evaluating  the  quality  of  a  MOSFET  and  investigating  hot-carrier  degradation 
in  devices^^’  '^21,34-3^  LDD  structure  is  often  used  in  small  MOSFETs  and  the 
series  resistance  attached  to  a  channel  becomes  more  pronounced  to  infect  the  dc 
characteristics  as  well  as  the  1/f  noise.  It  was  shown^'  that  a  series  resistance  with 
an  acceptable  value  can  be  the  dominant  term  in  the  1/f  noise  behaviour  of  an 
edgeless  MOSFET. 
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Another  study^*^  exhibited  how  to  distinguish  the  1/f  noise  from  the  series 
resistance  and  the  channel  part  in  a  MOSFET  biased  in  the  ohmic  region. 
Especially  in  a  short  channel  LDD  device,  not  only  the  value  of  the  series 
resistance  but  also  its  contribution  to  the  1/f  noise  of  the  device  Sr,  increases 
significantly.  The  quantity  of  Sr,  can  reach  20%  of  the  total  1/f  noise  in  a  device. 
Fig.  2  shows  an  LDD  device  as  a  conventional  MOSFET  in  series  with  two  series 
resistors  at  the  drain  side  and  R,s  at  the  source  side^°^^  Investigations^^’^  on  an 
LDD  MOSFET  biased  in  the  nonohmic  region  showed  that  the  series  resistance 
Rod  at  the  drain  side  behaves  differently  from  that  at  the  source  side  R,s-  The 
assumption  Rod  =  =  F(Vgs)  is  only  valid  when  a  MOSFET  is  biased  in  the 

ohmic  region.  Above  the  ohmic  region,  it  was  found'^^^  that  Rod  >  Rss.  and  Rod  is 
a  function  of  Vgs  and  Vos  (see  Fig.  3),  although  R3S  is  still  only  a  function  of  Vgs. 
When  Vgs  is  constant,  increases  strongly  as  V^s  increase  towards  the  effective 
gate  voltage  Vq*.  Consequently,  the  internal  drain  source  voltage  is  clamped, 
hence,  the  channel  current  is  kept  constant.  This  is  used  successfully  to  explain  the 
experimental  results  of  S,  as  a  function  of  WoJWq*  in  an  LDD  MOSFET  which  are 
at  variance  with  those  in  a  conventional  MOSFET^  shown  in  eq.  (3). 

Now  a  days  hot  carrier  degradation  of  submicron  MOSTs  and  the  evolution 
of  1/f  noise  are  often  considered  as  a  direct  prove  for  the  number  fluctuation 
origin  of  the  1/f  noise.  It  is  thought  that  the  1/f  noise  increases  after  hot-carrier 
stressing  due  to  an  increase  in  the  trap  density  in  the  oxide  layer But  the 
consequence  of  hot-carrier  degradation  in  a  MOSFET  is  far  more  complicated. 
Generally  speaking,  the  shift  of  the  threshold  voltage,  the  changing  slope  in  the 
subthreshold  region,  and  the  decrease  in  the  channel  current  are  considered  as 
degradation  phenomenon  due  to  an  increase  of  traps.  It  was  also  found  after  a 
short  time  of  stressing,  the  threshold  voltage  and  the  slope  in  the  subthreshold 
region  do  not  change  ,  but  the  series  resistance  increases  especially  at  the  drain 
side.  Another  degradation  phenomenon  is  the  reduction  in  effective  channel 
length'^*’  which  implies  an  increase  of  the  series  resistance. 

It  was  observed  that  1/f  noise  level  increased  a  lot  in  the  reversed  mode  but 
hardly  changed  in  the  normal  mode  after  hot-carrier  stressing  when  a  MOSFET 
is  biased  in  saturation”’  This  can  be  explained  by  the  analysis  used  in"^  wiAout 
using  AN  model.  Before  stressing,  a  MOSFET  is  symmetric,  therefore  there  is  no 
difference  between  1/f  noise  levels  in  the  normal  mode  and  in  the  reversed  mode, 
A  post-stressed  MOST  biased  in  the  ohmic  region  has  nonsymmetric  resistance  R,s 
<  Rod  with  about  the  same  dependence  on  the  biasing  conditions.  Hence,  under 
the  same  external  voltages,  no  matter  in  a  normal  mode  or  in  a  reversed  mode, 
the  internal  biasing  conditions  and  1/f  noise  remains”’  at  least  at  low  Vg‘.  In 
saturation,  our  results  showed  that  the  series  resistance  in  the  drain  side  Rod 
increases  significantly  with  V^s  (see  Fig.  3)  and  the  voltage  drop  Vod  across  Rj^ 
increases  with  Rod  (see  Fig.  4).  The  series  resistance  at  the  drain  side  is  Rj^  in  the 
normal  mode  and  I^  in  the  reversed  mode.  The  hot  carrier  stressing  increases  the 
value  of  Rod  but  hardly  R^s  in  the  ohmic  region'^L  The  fact  that  R^s  <  Rod  results 
in  more  clamping  and  smaller  channel  voltage  and  current  in  the  normal  mode 
than  in  the  reversed  mode.  Therefore  we  can  expect  that  the  1/f  noise  is  larger  in 
the  reversed  mode  than  that  in  the  normal  mode  as  reported”’ The  comparison 
of  1/f  noise  level,  in  a  conventional  MOSFET  and  an  LDD  device^®  or  in  the  same 
device  before  and  after  hot-carrier  stressing,  should  be  done  under  the  same 
internal  biasing  conditions.  Otherwise  the  analysis  leads  to  a  wrong  conclusions. 


CORRELATION  BETWEEN  1/f  NOISE  AND  RADIATION  HARDNESS 

A  AN  ARGUMENT? 
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A  MOS  transistor  through  ionizing  irradiation  shows  a  gradual  shift  in 
threshold  voltage  mainly  due  to  an  increase  in  positive  oxide  charge.  The  radiation 
hardness  of  a  technology  is  expressed  in  threshold  voltage  shift  per  Krad  (e.g. 
3mV/Krad)  and  its  estimate  requires  a  destructive  testing.  A  strong  correlation  was 
observed  between  the  preirradiation  1/f  noise  of  MOS  transistors  and  their  post 
irradiation  threshold  voltage  shift'^  which  makes  1/f  noise  a  useful  nondestructive 
radiation  hardness  test.  This  is  not  a  surprising  result  because  a  too  high  1/f  noise 
is  often  a  good  indicator  for  a  poor  technology'^  or  a  poor  crystal  quality^® 

Ionizing  radiation  causes  not  only  bulk  oxide  charging  but  also  an  increase  in 
interface- state  density.  The  increase  in  interface  state  density  causes  a  considerable 
decrease  in  channel  mobility  and  a  decline  in  g^^‘.  This  makes  explanations  in 
terms  of  AN  or  A /.t  possible. 

Threshold  voltage  shift  AV^  is  attributed  to  an  increase  in  oxide  charge  AV^t 
and  to  a  smaller  extent  to  a  change  in  the  charge  at  the  Si-Si02  interface  traps 
A  V.,,  and  is  given  by  AV^  =  AV„j  +  A  the  latter  contribution  can  be  observed 
with  the  midgap  method^^  The  radiation-induced  threshold  voltage  shifts  depend 
on  radiation  dose  (D)  oxide  thickness  t^^  and  bias  conditions  the  latter  can  be 
removed  by  an  expression  that  characterizes  the  inherent  capability  of  the  oxide 
to  be  charged'"^ 


ot  '  _ 

O^ox 


(13) 


where  Kg  is  the  number  of  electron-hole  pairs  produced  per  unit  dose  and  per 
volume  fy  is  the  probability  that  an  electron-hole  pair  escapes  recombination,  and 
fot  is  the  oxide  charge-trapping  efficiency,  which  is  the  ratio  of  the  number  of 
trapped  holes  to  the  number  of  electron-hole  pairs  created.  It  is  expected  that  an 
oxide  technology  with  a  high  4  will  result  in  a  noisy  device.  A  comparable 
equation  can  be  defined  for  AVit.  The  1/f  noise  observed  in  the  ohmic  region  is 
given  by  eq.(12)  where  K  is  proportional  to  Because  AV,,  in  eq.  (13)  is  also 
proportional  to  we  can  expect  that  keeping  other  parameters  constant  K  A  Vot, 
which  is  a  support  for  the  AN  model  it  also  KWl/f^^  A  Vot  ^  over  a  large 
range  in  U.  All  n-MOSTs  in  Refs.  (13-18)  obey  KW/  -  |AVot|  although  no 
conduction  has  been  observed  with  AVj,.  Fig.  5  shows  the  results  from 
Montpellier'^' together  with  results  obtained  in  USA'^ 

For  the  A/^-model  we  expect  K  and  increasing  K  and  A  Vo,  should  go  hand 
in  hand  but  not  linearly. 

The  effective  gate  voltage  should  be  kept  constant  at  a  low  enough  V(^*  in 
order  to  compare  the  1/f  noise  through  irradiation'^’ ‘®.  N-channel  devices  are 
sensitive  tor  leakage  resistance  through  irradiation.  A  dramatic  increase  in  noise 
is  telling  nothing  about  a  AN  or  A /x  origin'^’ 

CONCLUSIONS 

Geometry  dependence  is  well  understood  except  the  fx  dependence. 

Bias  dependence  points  to  a  straight  forward  interpretation  in  terms  of  AN 
with  a  ^  Vc*  ',  but  A^  is  also  possible,  see  Refs.  26,  30  31 

Due  to  series  resistance  complications  in  hot  carrier  degraded  MOSTs,  the 
interpretation  in  terms  of  AN  is  not  the  only  one. 

K  -  I  AV„t|  is  in  agreement  with  AN.  If  a  rough  interface  between  Si  and  Si02 
goes  hand  in  hand  with  a  reduced  radiation  hardness  then  the  Swiss-cheese  model 
is  also  able  to  explain  the  observed  trends  in  terms  of  A/x. 
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The  temperature  independent  1/f  noise  between  77  and  300  K,  and  the 
irradiation  independent  behaviour  of  the  1/f  noise  up  to  300  Krad  are  more 
difficult  to  understand  in  terms  of  AN. 

REFERENCES 

1.  F.N.  Hooge,  T.G.M.  Kleinpenning  and  L.K.J.  Vandannme,  Rep.  Prog.  Phys.  479  (1981). 

2.  L.K.J.  Vandamme,  Noise  in  Physical  Systems  (Elsevier,  Amsterdam,  1983)  183. 

3.  R.  Cievers,  Physica  B154  214  (1989). 

4.  L.K.J.  Vandamme,  Noise  in  Physical  Systems  (Akademiai  Kiado,  Budapest,  1990)  491. 

5.  L.K.J.  Vandamme;  IEEE  Trans.  Elec.  Dev.  ED-3_3,  1833  (1985). 

6.  T.G.M.  Kleinpenning,  Noise  in  Physical  Systems  (Akademiai  Kiado,  Budapest,  1990)  443. 

7.  A.L.  McWhorter,  Semiconductor  Surface  Physics,  Ed.  by  R.H.  Kingston  (University  of  Pennsylvania  Press 
1957)  207. 

8.  F.M.  Klaassen,  IEEE  Trans.  Electron  Devices,  ED-18,  887  (1971). 

9.  H.E.  Maes  and  S.H.  Usmani,  J.  Appi.  Phys.  54,  1937  (1983). 

10.  L.K.J.  Vandamme  and  R.G.M.  Penning  de  Vries,  Solid-State  Electr.  28,  1049  (1985). 

11.  M.  Stegheer,  Solid-State  Electr.  27,  1055  (1984). 

12.  Z.H.  Fang,  S.  Christoloveanu  and  A.  Chovet,  IEEE  Trans.  Electron  Device  Letters,  EDL:7  371  (1986). 

13.  J.H.  Scofield,  T.P.  Doerr  and  D.M.  Fleetwood,  IEEE  Trans.  Nucl.  Sc.  36,  1946  (1989). 

14.  J.H.  Scofield  and  D.M.  Fleetwood,  IEEE  Trans.  Nucl.  Sc.  38,  1567  (1991). 

15.  D.M.  Fleetwood  and  J.H.  Scofield,  Phys.  Rev.  Lett.  64,  579  (1990). 

16.  J.H.  Scofield,  M.  Trawick,  P.  Klimecky  and  D.M.  Fleetwood,  Appl.  Phys.  Lett.  58,  2782  (1991). 

17.  A.  Hoffmann,  Thesis  University  of  Montpellier  April  1993. 

18.  A.  Hoffmann,  M.  Valenza,  D.  Rigaud  and  L.K.J.  Vandamme.  This  conference. 

19.  J.  Jennen,  ERASMUS  Report;  Universite  de  Montpellier  -  Eindhoven  University  of  Technology,  April  1993. 

20.  X.  Li  and  L.K.J.  Vandamme,  Solid-State  Electronics,  35  1471  (1992). 

21.  X.  Li  and  L.K.J.  Vandamme,  Solid-State  Electronics,  35  1477  (1992). 

22.  X.  Li  and  L.K.J.  Vandamme,  This  conference. 

23.  X.  Li  and  L.K.J.  Vandamme,  Solid-State  Electronics,  accepted  for  publication. 

24.  L.K.J.  Vandamme,  Solid-State  Electronics,  23  317  (1980). 

25.  L.K.J.  Vandamme,  H.M.M.  de  Werd,  Solid-State  Electronics,  23  325  (1980). 

26.  L.K.J.  Vandamme  and  X.  Li,  to  be  published. 

27.  F.N.  Hooge  and  L.K.J.  Vandamme,  Phys.  Lett.  66A  315  (1978). 

28.  L.K.J.  Vandamme  and  S.  Oosterhoff,  J.  Appl.  Phys.,  59  3169  (1985). 

29.  L.K.J.  Vandamme,  Solid  State  Phenomena  1  &  2  153  (1988).  Ion  Implantation  in  Semiconductors,  Eds.  D. 
Stievenard  &  J.C.  Bourgoin,  Trans  Tech  Publications  Ltd.  (1988)  Aedermannsdorf  Switzerland. 

30.  L.K.J.  Vandamme  and  A.  van  Kemenade,  Conf.  Proc.  ESREF92  3rd  European  Symp.  on  reliability  of 
electron  devices,  failure  physics  and  analysis,  oct.  1992  Germany  (VDE-Verlag  Berlin  1992)  419. 

31.  Y.  Zhu,  M.J.  Deen  and  T.G.M.  Kleinpenning,  J.  Appl.  Phys.  Z2.  5990  (1992). 

32.  E,  Simoen  and  C.  Claeys,  Nucl,  Instr.  and  Meth.  A327  523  (1993). 

33.  L.K.J.  Vandamme  and  A.H.  de  Kuijper,  5th  Int.  Conf.  on  Noise,  Ed.  D.  Wolf  (Springer  Berlin  1978)  152. 

34.  C.  Surya  and  T.Y.  Hsinag,  Solid-St.  Electron.,  959  (1988). 

35.  H.  Wong  and  Y.C.  Cheng,  IEEE  Electron  Devices,  3Z,  1743  (1990). 

36.  T.L.  Meisenheimer  and  D.M.  Fleetwood,  IEEE  Nuclear  Science,  37,  1696  (1990). 

37.  Z.  Celik-Butler  and  T.Y.  Hsiang,  Solid-St.  Electron.  30,  419  (1987). 

38.  R.  Jayaraman  and  C.G.  Sodini,  IEEE  Electron  Devices,  1773  (1989). 

39.  C.  Cheng  and  C.  Surya,  Solid-State  Electronics,  36,  475,  (1993). 

40.  H.G.  de  Graaff  and  F.M.  Klaassen,  Compact  transistor  modelling  for  circuit  design.  Springer,  Berlin  (1990). 

41.  C.C.  McAndrew  and  P.A.  Layman,  IEEE  Trans.  Electron  Devices,  ED-39.  2298  (1992). 

42.  J.A.M.  Otten  and  F.M.  Klaassen,  Proceedings  ESSDERC  1992,  703  (1992). 

43.  F.J.  Lai  and  J.Y.  Sun,  IEEE  Trans.  Electron  Devices,  Ed-32,  2803  (1985), 

44.  X.  Li  and  L.K.J.  Vandamme,  accepted  by  Solide-State  Electronics,  (1993). 


352  1// Noise  in  MOS  Transistors 


45.  J.A.M.  Otten  and  F.M.  Klaassen,  Microelectronic  Bigineering,  15,  565  (1991). 

46.  G.S.  Huang  and  C.Y.  Wu,  IEEE  Trans.  Electron  De>rfces,  E[>-34.  1311  (1987). 

47.  A.  Bhattacharyya  and  S.N.  Shabde,  IEEE  Trans.  Electron  Devices,  35,  1 156,  1^. 

48.  B.S.  Doyle  and  K.R.  Misty,  IEEE  Trans.  Electron  Devices,  ^  152,  (1993). 

49.  R.  Woltjer,  A.  Hamada  and  E.  Takeda,  IEEE  Trans.  Electron  Devices,  4Q,  392,  (1993). 

50.  C.Y.H.  Tsai  and  J.  Gong,  IEEE  Trans.  Electron  Devices,  EI>35.  2373  (1988). 

51.  H.  Gesch,  J.P.  Leburton  and  G.E.  Dorda,  IEEE  Trans.  Electron  Device,  ED-29.  915(198^. 

52.  P.S.  Winokur,  J.R..Schwank,  P.J.  McWhorter,  P.V.  Dressenetorfer  and  O.C  Turpin,  IEEE  Trans.  Nux  Sd. 
NS-31.  1453  (1984). 
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W=20Atm,  1=  20Uim. 

Vq  =1.2  V(0),  2.5V(P  ),  Fig*  2  An  LDD  MOSFET  consists  of  a  MOST 
l.OV(O),  2.3V(») 


and  series  resistors. 


Rod  (kil) 
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Fig.  3  The  series  resistance  Roa  vs.  Vog. 
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Fig.  4  The  series  resistance  R^a  vs.  V^. 
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Fig.  5  The  preirradiation  1/f  noise  ot  several 
devices  (Ref.  14,  17,  18)  versus  the  post 
irradiation  threshold  voltage  shift. 
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ABSTRACT 

An  analytical  model  to  evaluate  d.c.  small  signal  parameters  and  noise  perfor¬ 
mance  for  the  SiGefSi  based  FETs  is  presented,  that  is  based  on  a  self-consistent 
solution  of  Schrodinger  and  Poisson’s  equations  and  an  improved  velocity-electric 
field  [vd  -  S)  characteristics.  The  presence  of  a  self-consistent  calculation  provides 
a  better  insight  in  the  dependence  of  the  device  parameters  on  the  QW  properties. 
Moreover,  the  inclusion  of  a  modified  velocity-electric  field  characteristic  enables 
us  to  calculate  small-signal  parameters  that  are  in  excellent  agreement  with  ex¬ 
perimental  data  both  at  300K  and  77K,  respectively.  The  theoretical  calculation 
of  noise  properties  for  SiGejSi  based  FETs  are  presented. 


Introduction 

In  this  paper,  we  report  a  consistent  model  to  evaluate  the  devices  perfor¬ 
mance  of  SiGe/Si  FETs  by  using  an  improved  velocity-field  characteristics  and  a 
self-consistent  solution  of  Schrodinger  and  Poisson’s  equationsU  The  model  will 
aid  in  the  understanding  of  the  behavior  of  the  QW  formed  in  Si  in  a  SiGe/Si 
system  and  will  enable  us  to  calculate  d.c.,  small-signal  parameters  which  showed 
an  excellent  agreement  with  experimental  data.  Based  on  the  calculated  results, 
we  present  the  noise  properties  for  SiGe/Si  based  FETs. 


Model 

Schr”odinger  and  Poisson’s  equations  are  solved  self-consistently^  for  an  elec¬ 
tron  QW  formed  in  Si  layer.  The  average  distance  of  the  electron  cloud  from  the 
first  heterointerface  Xav  and  the  position  of  the  Fermi  level  with  respect  to  the  tip 
of  the  conduction  band  at  the  first  interface  are  determined. 


The  evaluation  of  d.c.  small  signal  parameters  for  such  a  device  follows 
the  treatment  presented  by  Anwar  et  vvh/-:re  an  impr'~'’;f^d  velocitv-ele'ctric  fieh! 
characteristic  is  used.  Using  the  definition  of  reduced  potential  the  transconduc¬ 
tance  gm  can  be  written  as 


Gofl  “  cosh( 


eLi  ■ 

2d  ■ 


p\Vt\ 


tVT\ 


(1) 
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where  p,  =  ^52  —  g  reduced  potential  at  the  source  and  drain, 

respectively^,  L2  is  the  length  of  the  saturation  region  of  the  channel,  SsiGe  is  the 
permittivity  of  SiGe,  Z  is  the  gate  width.  The  parameter  —  '^d) 

demands  some  discussion.  In  the  saturation  region  when  Vd=Vs  fhe  present  Vd-E 
characteristic  gives  indeterministic  results.  To  avoid  this  situation  Vd  is  assumed 
to  be  99.9%  (or  better)  of  Vg.  The  drain  resistance  Vd  and  gate  capacitance  Cg, 
can  be  calculated  by  the  above  method. 

The  minimum  noise  figure,  Fmm  can  be  written  as  : 

=  1  +  2  .  (F,  +  Jr^  4-  -)  (2) 

V  9n 

where  is  noise  resistance  defined  by  Anwar  et  al.^,  Zc  =  Rc  F  jAc,  is  the  cor¬ 
relation  impedance,  Rg  and  Rg  are  the  source  and  drain  impedance,  Ri  —  , 

is  the  gate  charging  resistance.  Lg  represents  the  length  of  the  gate. 


Results  and  Discussions 

In  Fig.l,  the  calculated  transconductances  as  a  function  of  applied  gate  volt¬ 
age  for  a  0.25x200  n-channel  MODFET  with  a  lOOA  Si  QW  are  compared 
with  experimental  data^  at  both  room  temperature  and  77K.  The  mobility  and 
saturation  velocity  used  in  the  calculation  are  po  —  1500  cm^V~^sec'~^  (6000)  and 
Vg  =  1.0  X  10^cm.sec~^  (1.15  x  10^)  at  300K  (77K).  The  results  show  an  excellent 
agreement  at  both  room  temperature  and  at  77K.  The  fit  at  low  gate  voltage  is 
only  possible  due  to  the  incorporation  of  the  self-consistent  calculation.  The  plots 
are  obtained  using  the  calculated  threshold  voltage  of  -1,1  V  at  300K  and  -1.0  V 
at  77K,  respectively. 

In  Fig. 2,  the  calculated  current-voltage  (I-V)  characteristic  for  a  SiGejSi 
p-channel  FET  is  presented.  The  self-consistent  calculation  resulted  in  an  excel¬ 
lent  fit  with  experimental  data'*.  For  the  p-channel  FET  po  =  lldcm^V~^s€c~'^, 
Vg  —  3.9  X  lO^cmsec"*  at  300K  are  used.  At  room  temperature,  the  drain,  source 
and  parasitic  resistances  are  40,  6.50  and  55000,  respectively. 

In  Fig. 3,  the  calculated  minimum  noise  figures,  Fmin  (^iB),  are  plotted  as 
a  function  of  the  drain-source  current  for  n-channel  MODFETs  and  p-channel 
MOSFETs  with  temperature  as  a  parameter.  The  calculations  are  performanced 
at  15  GHz.  It  is  observed  that  the  minimum  noise  figure  of  n-channel  MODFETs 
are  smaller  than  that  of  p-channel  MOSFETs.  /j  for  n-channel  devices  are  much 
greater  than  p-channel  FETs.  This  explains  the  lower  Fjnin  for  n-channel  devices 
as  compared  to  p-channel  FETs. 
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Figure  1:  Comparison  of  the  theoretical  calculated  transconductance  with  exper¬ 
imental  data^. 


Figure  2;  The  current-voltage  (TV)  characteristics  for  the  p~channel  FET"^  are 
plotted  for  300K.  Dots  represent  experimental  data  and  the  solid  lines  represent 
calculated  results. 
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Figure  3:  Minimum  noise  figures  Fmin  are  plotted  2ts  a  function  of  drain  current 
for  SiGej Si  n-channel  MODFETs  (solid  lines)  and  p-channel  MOSFETs  (dashed 
lines)  with  temperature  as  a  parameter  (the  drain-source  current  in  p-channel 
FETs  is  scaled  up  by  5). 


Conclusion 

A  self-consistent  analysis  is  presented  to  model  d.c.  small-signal  parameters 
noise  performance  for  SiGe  based  FETs.  The  use  of  a  modified  velocity-electric 
field  characteristic,  that  is  in  agreement  with  experimental  results,  Made  the  calcu¬ 
lations  analytically  tractable,  moreover,  calculated  results  are  in  excellent  agree¬ 
ment  with  the  experimental  data.  This  model  will  prove  extremely  useful  in 
optimizing  noise  performance  for  SiGe  based  FETs. 
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ABSTRACT 

Flicker  noise  behavior  of  n-  and  p-channel  silicon  MOSFET’s  operating  from  sub¬ 
threshold  to  strong  inversion  at  room  to  low  temperatures  will  be  described.  It  is  found 
that,  for  various  bias  and  temperature  conditions,  input  referred  noise  in  n-channel 
devices  show  minimal  gate  bias  dependence  while  p-channel  transistors  show  gate  volt¬ 
age  dependence. 


INTRODUCTION 


When  the  MOSFET  gate  voltage  is  below  the  threshold  voltage,  the  semiconductor 
surface  is  in  weak  inversion  and  the  drain  current  is  dominated  by  diffusion  rather  than 
drift.  It  can  be  shown  that  in  the  subthreshold  region 


(1 


/'-(liy,) 


1 
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where  p=kT/q,  a=V2  (e^/Lp)/  Cq^,  V  is  the  substrate  doping  and  \\f^  is  the  surface  poten¬ 
tial.  The  subthreshold  region  of  operation  is  particularly  important  for  low  voltage,  low- 
power  applications,  such  as  in  focal  plane  arrays,  where  noise  directly  affect  memory 
errors  and  logic  voltage  swings.  The  subthreshold  characteristics  also  describe  how  the 
device  switches  on  and  off.  Even  though  noise  in  strong  inversion  has  been  studied 
extensively,  very  little  is  known  in  the  noise  performance  of  MOSFET’s  in  weak  inver¬ 
sion.  In  this  paper,  extensive  characterization  of  the  noise  performance  of  both  the  n- 
channel  and  p-channel  MOSFETs  in  the  strong  inversion  to  subthreshold  regions  of 
operations  from  room  temperature  to  50  K,  is  reported.  A  quasi  one  dimensional  flicker 
noise  model  is  then  used  to  explain  the  measured  data. 

THEORY 

In  the  current  driven  model  the  drain  voltage  is  calculated  for  a  given  drain  current. 
The  channel  of  the  transistor  is  divided  into  a  number  of  elementary  sections  of  length 
^y,  and  the  voltage  drop  along  the  channel  can  be  calculated  to  be 
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where  \L(y }  and  Qj{y )  are  the  mobility  and  free  carrier  density  along  the  channel.  The  car¬ 
rier  density  fluctuation  noise  along  the  channel  is  calculated  according  to  McWhorter’s 
noise  mode,  given  by 


q^Nj{Ep)kT 


SW 


where  Y is  McWhorter's  tunneling  parameter  sn.dNj(Ep)kT is  the  effective  interface  trap 
density  chosen  to  be  6.5x10^^  cm’^.  The  mobility  fluctuation  noise  is  given  by 


5 


^iy) 


where  a.jj  is  Hooge’s  parameter,  chosen  to  be  8.9x10'®. 

EXPERIMENTAL 

The  samples  used  are  from  a  p-well  CMOS  process  with  a  nominal  oxide  thickness 
of  500  A.  The  p-well  doping  is  in  the  range  of  1.5x10^^  cm'^  while  the  n-type  substrate 
is  about  2x10^^  cm‘^.  Figure  1  shows  the  input  referred  noise  spectrum  of  a  100x10  pm^ 
n-channel  MOSFET  at  room  temperature.  It  can  be  seen  that  input  referred  noise  does 
not  change  significantly  as  the  gate  bias  decreases  from  strong  inversion  to  subthreshold 
region.  This  suggests  that  carrier  density  fluctuation  noise  might  be  the  dominating 


Fig.l  Input  referred  noise  of  n-channel 
device. 


Fig.2  Output  current  noise  of  n-channel 
device. 
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Fig.  3  Gate  bias  and  Temperature  de-  Fig.  4  Input  referred  noise  of  p-channel 

pendence  of  n-MOS  input  referred  noise  device. 

noise  source.  The  same  experimental  results  expressed  in  output  current  noise  is  shown 
in  Figure  2.  Since  the  output  current  noise  is  obtained  by  multiplying  the  input-referred 
noise  by  the  small-signal  transconductance  (OljydVQ),  and  since  from  equation  (1),  31^/ 
3Vq  decreases  exponentially  with  Vq  in  the  subthreshold  region,  the  output  current 
noise  thus  increases  exponentially  with  gate  voltage. 

The  temperature  and  bias  dependence  of  the  n-channel  device  input  referred  noise  is 
shown  in  Figure  3.  Only  data  down  to  50  K  is  presented  because  freeze-out  effects  start 
to  become  dominant  below  this  temperature,  and  the  formation  of  the  depletion  region 
under  the  gate  of  the  device  has  large  time  constants.  In  the  figure,  the  symbols  represent 
the  spot  noise  data  extracted  at  20  Hz,  and  the  solid  lines  show  the  theoretical  carrier 
density  fluctuation  noise  simulation  using  the  current  driven  noise  model.  As  can  be 
seen,  relatively  small  gate  bias  and  temperature  dependence  is  observed  in  the  n-channel 
transistors. 

Subthreshold  noise  characteristics  in  p-channel  devices  behave  very  differently  from 
that  of  the  n-channel  FET's.  Figure  4  shows  the  input-referred  noise  of  a  100x5  pm^  p- 
channel  MOSFET  at  room  temperature.  The  input  referred  noise  decreases  in  magnitude 
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Fig.  5  Output  current  noise  of  p-charmel  Fig.  6  Gate  bias  and  temperature  depend- 
device.  ence  of  p-MOS  input  referred  noise. 
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as  the  gate  voltage  increases  from  subthreshold  into  strong  inversion.  The  same  experi¬ 
mental  results  expressed  in  output  current  noise  spectra  is  shown  in  Figure  5.  Because 
of  the  exponential  decrease  of  Id  versus  Vq,  the  magnitude  of  the  output  current  noise 
now  increases  from  subthreshold  to  strong  inversion.  The  strong  gate  bias  dependence 
suggests  that  p-channel  noise  may  be  dominated  by  mobility  fluctuation.  Figure  6  shows 
how  the  gate  bias  and  temperature  dependence  of  the  p-channel  noise  measurements 
compare  to  the  theoretical  mobility  fluctuation  noise  model.  As  can  be  seen,  there  is  sig¬ 
nificant  gate  bias  and  temperature  dependence  in  the  p-channel  noise,  as  compared  to 
the  n-channel  noise,  suggesting  that  different  noise  mechanism  is  involved  in  the  p- 
channel  devices. 


SUMMARY 

Flicker  noise  behavior  of  CMOS  transistors  from  subthreshold  to  strong  inversion 
under  various  temperatures  is  presented.  The  results  suggest  that  input  referred  1/f  noise 
in  n-channel  devices  show  relatively  little  gate  bias  and  temperature  dependence,  and 
can  be  explained  by  carrier-density  fluctuation.  On  the  other  hand,  input-referred  noise 
in  p-channel  devices  show  gate  bias  and  temperature  dependence  that  can  be  caused  by 
mobility  fluctuation. 
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ABSTRACT 

Here  we  report  on  noise  measurements  firom  MOSTs  through  irradiations  performed 
in  a  Co-60  gamma  cell  up  to  a  total  dose  of  300  krad(Si02)-  We  found  that  the  noise  in 
MOS  transistors  can  be  associated  with  channel  and  series  resistance  due  to  LDD  structure. 
No  change  m  1/f  noise  level  is  observed  when  measurements  are  performed  under  constant 
effective  gate  voltage  after  irradiation.  Nevertheless  an  increase  in  noise  can  reveal  particular 
defects  due  to  radiation  damages. 


INTRODUCTION 

Conduction  and  noise  measurements  have  been  performed  on  n-  and  p-channel 
MOSTs  before  and  after  several  steps  of  gamma-irradiation  doses.  Threshold  voltage, 
mobility  and  1/f  noise  levels  have  been  investigated  in  order  to  correlate  1/f  noise  and 
radiation  effects.  There  is  still  debate  about  the  correlation  of  trap  densities,  trap  efficiency 
and  1/f  noise  before  and  after  irradiation^’^. 

Irradiation  by  3  MeV  electrons  in  MBE  grown  n  GaAs  layers  created  g-r  noise  by 

induced  traps  but  no  significant  change  in  the  1/f  noise  parameter  a  at  room  temperature^. 

For  Si  MOS  transistors  significant  change  in  I/f  noise  has  been  reponed  after 
gamma-irradiation  for  large  total  dose  under  constant  effective  gate  voltage  or  for  the  same 
external  biasing  conditions  as  before  irradiation.  In  the  later  case  the  threshold  voltage  shift 
induces  an  increase  of  noise. 

In  this  paper  threshold  voltage  shifts  are  taken  into  account  and  the  MOSTs  are 
biased  under  the  same  effective  gate  voltage  in  order  to  compare.  From  our  measurements  ^ 
we  conclude  that  the  channel  noise  and  series  resistance  noise  remain  about  constant, 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Measurements  have  been  performed  on  n-  and  p-channel  LDD  MOS  transistors  with 
several  gate  dimensions.  For  all  transistors  the  gate  oxide  thickness  is  19  nm.  A  Co-60 
gamma  cell  was  used  for  irradiations  up  to  300  krad(Si02)  with  a  dose  rate  of  50 
rad(Si02)/s.Threshold  voltage  shifts  lAVjl  are  about  3  mV/krad(Si02)  but  for  large  total 
doses  a  saturation  effect  appears. 

The  mobilities  at  low  electric  field  have  been  investigated  through  irradiations  and 
typical  results  for  a  large  25  pm  /  25  pm  n-  and  p-channel  device  are  shown  in  fig.l  and  2. 
All  p-channels  show  a  slight  decrease  in  mobility  with  increasing  dose  (10%)  and  n- 
channels  have  an  opposite  trend,  which  also  has  been  observed  in  ref.6.  Because  a 
calculated  mobility  from  a  conductance  measurement  or  a  AG/AVq  is  always  proportionnal 

to  p.  «>=  L/W  both  trends  can  be  explained  in  terms  of  a  variation  in  channel  width  with 
increasing  irradiation.  Increasing  irradiation  goes  hand  in  hand  with  increasing  positive 
oxide  charge  in  the  birds  beak  at  the  rim  of  the  channel.  This  provokes  an  increase  in  width 
for  n-channels  and  sometimes  even  a  leakage  current  path  in  parallel  and  for  p-channels  a 
reduction  in  width  is  observed.  In  addition  no  evolution  of  trie  subthreshold  swing  after 
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irradiation  is  observed  We  conclude  that  interface  state  density  remains  below  than  10^^ 
cm’2  and  mobility  is  kept  constant  up  to  300  krad(Si02). 

The  1/f  noise  has  been  observed  between  10  Hz  and  100  kHz  in  the  ohmic  region. 
From  the  observed  current  or  voltage  spectra  the  fluctuations  in  the  resistance  between 
source  and  drain  have  been  calculated  Sr  =  S y  / =  ( Sj  / )  r2. 

The  noise  spectral  density  in  the  resistance  consists  of  a  channel  and  series  resistance 

contribution  in  LDD  MOSTs^’^,  each  having  a  different  dependence  on  the  effective  gate 
voltage: 

“  ^Rch  **■  ^Rs 

with  Rch  =  L  /  W  Cqx  Vq*  p  the  channel  resistance  and  Rg  the  series  resistance. 

For  low  effective  gate  voltages  Vq*  =  Vq  -  we  expect  Sr  =  SR^h  and 
^Rch'^h^lM^ch^  /  (L  /  W^)  /  with  often  m=4  for  n-channel  devices  which 
means  «=  Vq*"! .  If  Och  remains  constant  or  the  noise  becomes  dominated  by  series 
resistance  a  levelling  off  in  Sr  versus  Vq*  can  be  expected  with  Sr  =<  with  m  <  3. 

For  the  series  resistance  we  expect  the  following  proportionality  Rg  s  /  WpVQ* 

oc  VG*'f/2^^}^ej.e  s  is  in  order  of  0,1  pm.  We  assume  a  weak  reduction  in  mobility  under 
the  spacers  with  applied  bias  due  to  fringefields  at  the  rim  of  the  gate  at  the  source  and  drain 
side  and  due  to  high  fields  in  the  low  doped  drain  which  results  in  p  «  Vq*-1/2  por  high 

effective  gate  voltage  Sr  =  Srs  =  a^q\i^  and  Sr  -  is  the  result  if 

remains  constant  with  Yq*. 

If  Sr  =  Sr3  and  the  series  resistance  is  located  at  the  metal-semiconductor  interface  and 
independent  of  Vq*  then  Sr  «>=  can  be  expected^. 

In  rig.3  the  result  of  an  unirradiated  n-channel  MOST  with  a  width  length  ratio  of 
W/L  =  25  pm  /  0,85  pm  are  shown;  above  Vg*=2  V  a  levelling  off  indicates  series 

resistance  problems;  Sy  «  Yq*~'^  for  Vp)s  =  100  mV  indicates  that  Och  Vq*'!  which  is 
a  classical  result  for  number  fluctuations. 

Fig.4  shows  the  results  through  irradiation  of  a  p-channel  with  a  W/L  =  25pm/25pm 
in  a  Sr  versus  Yq*  plot  .  The  typical  slopes  -4  and  -2  are  indicated  showing  series 
resistance  problems  at  least  in  the  noise  contribution  for  Vg*>1  V.  The  1/f  noise  in  the 
channel  and  in  the  series  resistance  do  not  change  with  inradiation  for  this  p-channel  device. 

Fig.5  shows  the  results  through  irradiation  on  a  n-channel  with  W/L  =  25  pm  /  0,85 
pm  indicating  no  appreciable  change  in  1/f  noise  over  the  whole  range  of  applied  Yq*. 

All  spectra  values  presented  in  figs.3,  4  and  5  are  at  10  Hz  and  stem  from  1/f  spectra 
for  1  Hz  <  f  <  10^  Hz.  Some  devices  showed  a  generation-recombination  noise  and  these 
devices  are  not  discussed  here. 

Noise  measurements  have  been  also  carried  out  in  the  subthreshold  conduction. 
Thermal  noise  in  generally  obtained  without  excess  noise.  Irradiation  does  not  affea  the  low 
frequency  noise.  Nevertheless  for  some  devices  an  increase  of  the  white  noise  has  been 
noticed.  After  investigations  this  increase  has  been  associated  with  leakage  paths  located  at 
the  source-substrate  or  drain-substrate  junctions  and  induced  by  irradiations.  In  the  same 
way  abnormal  increases  of  the  1/f  noise  allow  to  detect  radiation  damages  in  the  gate-channel 
insulatioa 
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CONCLUSIONS 


1/f  noise  in  p-  and  n-channel  MOSTs  has  been  investigated  Wore  and  after  gamma- 
irradiations.  Under  same  effective  gate  voltage  no  change  in  noise  has  been  observed  up  to  a 
300  krad(Si02)  total  dose.  Nevertheless  1/f  noise  before  irradiauon  and  the  threshold  voltage 

shift  after  irradiation  agrees  with  previous  published  results^. 

The  behaviour  of  1/f  noise  levels  versus  Vq*  shows  that  this  noise  is  due  to  number 
fluctuation  From  this  behaviour  it  has  also  pointed  out  the  predominant  part  of  the  senes 
resistance  due  to  the  LDD  stmcture  for  high  effective  gate  voltage. 
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Fig.  1  Hole  mobility  at  low  Vq 
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Fig.2  Electron  mobility  at  low 
Vq*  versus  radiation  dose 
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Fig.3.  Voltage  noise  versus  effective 
gate  voltage  of  a  short  channel 
n-MOST  before  irradiation, 
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Fig.4.  The  resistance  fluctuations  Sr 

versus  Vq  through  irradiation  of 
a  large  p-MOS  transistor. 
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ABSTRACT 

The  low-frequency  noise  in  SOI  MOSFET’s  is  studied  experimentally  and  by 
numerical  simulations.  The  behaviors  of  devices  with  completely  depleted  and  partially 
depleted  silicon  film  are  investigated  for  various  substrate  biases.  The  importance  of  volume 
inversion  in  thin  Si  film  is  underlined.  Moreover,  the  variations  of  the  current  noise  around 
the  kink  is  analysed  for  thin  and  thick  film  devices. 

1.  INTRODUCTION 

A  number  of  papers  have  been  published  on  low  frequency  noise  in  MOS  transistors. 
However,  up  to  now,  the  noise  behavior  in  silicon  on  insulator  (SOI)  MOSFET’s,  which 
have  a  very  specific  structure  and  very  interesting  electrical  properties,  has  not  been 
investigated  in  detail.  It  is  worth  noting  that  the  leading  technology  in  the  field  of  SOI  was 
in  the  70’s  the  SOS  technology,  and  is  presently  the  SIMOX  technology,  which  presents 
much  better  electrical  properties  associated  in  particular  with  the  strong  decrease  of  defect 
density  in  the  Si  film.  In  these  structures,  a  supplementary  interface  (Si  film/buried 
insulator)  can  play  an  important  role.  In  particular,  for  thin  completely  depleted  Si  film,  a 
strong  coupling  of  the  front  and  back  interface  occurs,  and  the  electrical  properties  of  the 
devices  depend  on  both  interfaces  and  on  the  volunie.  Moreover,  by  biasing  the  front  gate 
and  the  substrate  (back  gate)  of  the  SOI  transistors,  a  strong  inversion  can  take  place 
through  the  entire  thickness  of  the  silicon  film  [l].  On  the  other  hand,  for  thick  partially 
depleted  Si  film,  a  floating  potential  situation  in  the  silicon  film  is  created  by  the  presence 
of  the  buried  insulator,  leading  to  an  increase  of  the  drain  current  in  saturation  for 
sufficiently  large  drain  voltage.  TTiis  kink  effect  is  induced  by  a  forward  biasing  of  the 
source/thin  Si  film  diode  by  the  impact  ionization  current.  The  kink  effect  is  suppressed 
when  the  floating  potential  situation  vanishes,  i.e.  for  a  completely  depleted  thin  silicon 
film. 

Some  noise  investigations  have  been  carried  out  for  thick  silicon  on  sapphire  and 
partially  depleted  SIMOX  MOSFET’s  [2,3]  in  order  to  observe  the  influence  of  the  kink 
effect.  An  excess  noise  has  been  found  around  the  kink,  similar  to  that  obtained  for  bulk  Si 
MOSFET’s  in  the  liquid  helium  temperature  range  due  to  the  frozen-out  substrate  [4-5] .  On 
the  other  hand,  the  influence  of  the  edges  of  the  devices  have  been  studied  in  thick  film 
SIMOX  MOSFET’s  [6] .  Furthermore,  the  noise  in  thick  and  thin  film  depletion  mode 
SIMOX  MOS  transistors  has  also  been  analysed  [?] .  However,  no  detail  investigation  has 
been  performed  for  the  noise  in  thin  film  enhancement  type  transistors,  which  represent  the 
main  devices  in  SOI  applications.  Therefore,  in  this  study,  the  low  frequency  (1/1^  noise  for 
ultra  thin  film  enhancement  mode  (EM)  SIMOX  MOSFET’s  is  analysed  for  different 
coupling  conditions  depending  on  the  back  gate  bias,  in  order  to  sweep  the  whole  surface 
regimes  at  the  back  interface  (inversion,  depletion,  accumulation).  Moreover,  the  noise 
magnitude  is  studied  as  a  function  of  the  drain  voltage  for  thin  and  thick  film  devices.  In 
particular,  the  influence  of  the  back  gate  on  the  noise,  which  can  suppress  the  kink  for  thick 
film  transistors  by  an  inversion  of  the  back  interface,  is  considered.  In  addition,  the  effect  of 
an  accumulation  of  the  back  interface  in  thin  film  devices,  which  can  induce  a  kink  effect, 
is  also  analysed,  and  compared  with  the  case  of  thick  Si  film. 
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2.  RESULTS  AND  DISCUSSION 

2.1.  Experimeotal  and  numerical  simulation  results  in  linear  operation 

In  figure  1  is  shown  the  experimental  dependence  of  the  normalized  drain  current 
spectral  density  of  a  N-channel  thin  film  EM  SIMOX  MOSFET  as  a  function  of  the  front 
gate  voltage  Vgi  for  various  back  gate  voltages  Vg2.  For  an  inverted  or  a  depleted  back 
surface  (Vg2=20V  or  OV  respectively),  the  contribution  for  the  noise  of  the  Si  film/buried 
oxide  interface  should  be  maximum  compared  with  an  accumulated  back  surface 
(Vg2=-20V).  However,  unlike  this  foreseeable  behavior,  the  noise  with  an  accumulation  at 
the  back  interface  presents  the  maximum  magnitude  (Fig.  1).  A  similar  feature  has  been 
obtained  for  P-channel  devices.  It  is  worth  noticing  that  the  drain  current  noise  has  been 
plotted  as  a  function  of  Vgi  in  order  to  magnify  the  strong  inversion  region,  but  a  similar 
behavior  has  been  obtained  by  plotting  the  curves  versus  Id-  In  order  to  understand  this 
original  behavior,  a  numerical  simulator  for  SOI  structures  (ISIS  I  [8])  has  been  used. 
Some  modifications  of  this  program  have  been  achieved  in  order  to  simulate  the  carrier 
number  fluctuations  by  dynamic  exchanges  with  the  oxide  traps,  which  represent  the  main 
contribution  of  noise  in  MOS  transistors.  These  fluctuations  are  taken  into  account  by 
varying  the  charges  at  both  interfaces  of  the  SOI  structure  and  by  simulating  the 
corresponding  change  Aid  in  drain  current.  With  this  method,  the  normalized  drain  current 

spectral  density  S  /Id^  in  very  strong  inversion  does  not  decrease  by  inverting  the  back 
Id 

surface  of  the  transistor  (see  dotted  lines  in  Fig.  2),  unlike  the  experiment.  Therefore,  we 
have  tried  to  include  in  the  model  the  supplementary  fluctuations  of  the  mobility  induced  by 
those  of  the  interface  charge  [9,10] ,  The  same  results  than  the  previous  simulations  were 
obtained  by  adding  this  physical  phenomenon.  It  is  worth  noting  that  the  noise  associated 
with  the  mobility  fluctuations  alone,  which  is  proportional  to  the  inversion  charge,  cannot 
explain  the  experimental  properties.  Nevertheless,  due  to  specific  conduction  in  thin  SOI 
film,  we  have  taken  into  account  in  the  model  an  other  effect  associated  with  the  screening 
of  the  Coulomb  scattering  for  carrier  mobility. 

The  general  expression  for  the  variations  of  the  mobility  due  to  Coulomb  scattering 
effects  is  of  the  form  : 


1 

fi(\) 


"IT*  “W  Q 


ss 


(1) 


where  //(x)  is  the  effective  mobility  at  a  distance  x  from  the  interface,  fiQ  is  the  maximum 
effective  mobility,  Qss  is  the  interface  charge  which  induces  fluctuations  in  drain  current 
(the  same  Qss  is  considered  at  both  interfaces),  and  a(x)  is  a  Coulomb  scattering  parameter 
depending  on  the  distance  from  the  interface,  and  taking  into  account  the  screening 
phenomenon,  given  by  : 


where  ao  is  the  maximum  Coulomb  scattering  parameter,  A  is  the  screening  length,  fsi  is 
the  silicon  permittivity,  q  the  electron  charge,  kT  the  thermal  energy,  and  Qi  the  inversion 
charge  density  calculated  by  numerical  simulation. 

These  different  equations  (1-3)  have  been  included  in  the  ISIS  I  simulator. 

Fig.  2  (full  lines)  shows  the  simulation  results  obtained  in  this  case.  A  good 
agreement  with  the  experimental  behavior  is  underlined,  with  an  increase  of  the  noise  by 
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accumulating  the  back  surface.  In  fact,  the  current  noise  is  significantly  changed  for  an 
inverted  back  surface  compared  with  the  results  without  screened  mobility  fluctuations 
(dotted  lines  in  fig.  2),  and  is  less  affected  for  an  accumulated  back  surface.  This 
phenomenon  is  due  to  the  location  of  the  conduction  channel.  In  the  case  of  a  back  surface 
in  accumulation,  a  strong  electric  field  is  present  in  the  thin  Si  film  and  the  channel  is 
mainly  confined  close  to  the  Si/Si02  front  surface,  where  the  oxide  charge  fluctuations  may 
strongly  influence  the  mobility  fluctuations.  On  the  other  hand,  for  a  strongly  inverted  back 
surface,  an  important  part  of  the  carrier  transport  is  carried  out  in  the  Si  volume  far  from 
both  interfaces,  where  the  oxide  charge  fluctuations  are  screened  which  reduces  significantly 
the  noise  of  the  MOSFET’s. 

2.2.  Experimental  results  in  non-linear  operation 

The  noise  magnitude  has  also  been  studied  as  a  function  of  the  applied  drain 
voltage.  Fig.  3  is  a  plot  of  the  experimental  dependence  of  the  normalized  drain  current 
spectral  density  of  a  thick  film  EM  SIMOX  MOSFET’s  as  a  function  of  Id  for  various  back 
gate  voltages.  For  a  zero  Vg2,  a  strong  increase  of  the  noise  is  obtained  around  the  kink. 
These  supplementary  fluctuations  can  be  attributed  to  those  of  the  substrate  current  which 
induces  a  change  in  the  threshold  voltage  around  the  kink  An  interesting  result  is  also 
pointed  out  in  this  figure,  i.e.  the  suppression  of  the  excess  noise  associated  with  the 
application  of  a  back  gate  voltage  which  induces  an  inversion  of  the  back  surface.  In  this 
situation,  the  back  surface  is  strongly  inverted  which  suppresses  the  floating  potential  in  the 
Si  film  and  consequently  the  kink  effect. 

In  the  case  of  a  thin  Si  film  (Fig.  4),  no  excess  noise  is  observed  whatever  the  drain 
voltage  is.  This  behavior  related  to  the  suppression  of  the  kink  effect  is  very  interesting  for 
SOI  applications.  On  the  other  hand,  by  accumulating  the  back  surface  (Vg2=-10V),  a  kink 
is  created  in  the  Id(Vd)  characteristics  and  an  important  excess  noise  is  underlined  around 
the  kink  (Fig.  4).  This  behavior  is  due  to  the  presence  of  a  floating  potential  in  the  thin  Si 
film  with  an  accumulation  of  the  back  surface,  and  a  similar  noise  feature  than  in  thick  film 
is  underlined,  which  shows  that  this  phenomenon  is  independent  of  the  Si  film  thickness. 

3.  CONCLUSION 

The  low-frequency  noise  in  SOI  MOSFET’s  has  been  studied  experimentally  and  by 
numerical  simulations.  The  behaviors  of  devices  with  completely  depleted  and  partially 
depleted  silicon  film  have  been  investigated  for  various  substrate  biases.  The  importance  of 
volume  inversion  in  thin  Si  film  has  been  underlined.  In  this  mode  of  operation,  a 
significant  improvement  of  the  noise  magnitude  has  been  shown.  Moreover,  the  variations  of 
the  current  noise  around  the  kink  has  been  analysed  for  thin  and  thick  film  devices.  An 
appropriate  substrate  bias  has  been  shown  to  induce  or  to  suppress  the  excess  noise  around 
the  kink 
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Figure  1.  Experimental  normalized  drain  current 
spectral  density  as  a  function  of  front  gate 
voltage  for  various  back  gate  voltages  (N  channel 
thin  film  (tsi=80  nm)  EM  SIMOX  MOSFET’s; 
f=10  Hz,  Vd=50  mV). 


Figure  3.  Experimental  normalized  drain  current 
noise  as  a  function  of  Id  by  varying  the  applied 
drain  voltage,  for  various  back  gate  voltages 
(N  channel  thick  film  (tji^lSO  nm)  EM  SIMOX 
MOSFET’s;  Vgi=3V,  f=10  Hz). 


Figure  2.  Simulated  normalized  drain  current  noise  Figure  4.  Experimental  drain  current  noise  as 

as  a  function  of  front  gate  voltage  for  various  back  a  Wction  of  drain  voltage,  for  various  back 

gate  voltages  (N  channel  thin  film  (t5i=80  nm)  EM  gate  voltages  (N  channel  thin  film  (t5i=80  nm) 

SIMOX  MOSFET’s;  Qsa=5  lO^Oq/cm^,  /io=7QO  cm2/Vs;  EM  SIMOX  MOSFET’s;  Vgi=1.7V,  f=10  Hz), 
dotted  lines  :  aQ=0,  full  lines :  ao= 12000  Vs/C). 
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ABSTRACT 

1/f  Noise  of  the  drain  current  S,  versus  drain  source  voltage  was  studied  in  an 
LDD  MOSFET.  Analysis  of  the  dc  characteristics  shows  that  the  series  resistance 
Rdj,  introduced  by  the  LDD  structure  on  the  drain  side,  increases  with  the  external 
drain  source  voltage  Consequently,  the  internal  drain  source  voltage  and 
the  channel  current  are  reduced.  This  is  used  successfully  to  explain  why  the 
experimental  results  of  S,  as  a  function  of  Vds/V^*  in  an  LDD  MOSFET  are  at 
variance  with  those  in  a  conventional  MOSFET.  Here  a  model  and  a  procedure 
are  proposed  from  which  the  internal  drain  source  voltage  and  series  resistance 
are  calculated  from  measuring  results.  After  recalculation  of  the  experimentally 
observed  Si  in  terms  of  channel  current  fluctuations,  we  find  that  S,ch  versus 
normalized  internal  drain-source  voltage  shows  the  same  trend  as  in  a 

conventional  MOSFET.  The  role  of  becomes  more  important  as  the  value  of 
Vds/Vo*  increases. 


INTRODUCTION 

Here  we  report  on  the  contribution  of  nonlinear  series  resistance  to  the 
observed  1/f  current  noise  in  LDD  MOSFETs.  A  shielded  probe  station  has  been 
constructed  for  measuring  noise  on  wafers.  We  investigated  p-channel  LDD 
MOSFETs  made  with  a  0.7^m  technology. 

In  a  conventional  long-channel  MOSFET,  it  was  found  that  the  1/f  noise 
power  spectrum  of  the  drain  current  is  proportional  to  (Vds/Vg*)^  below 
saturation.  is  the  external  drain-source  voltage  and  Vy’  ^  Vcs  -  the 
effective  gate  voltage.  In  saturation,  S,,h  also  saturates.  This  has  been,  for 
example,  explained  in  Ref.  1 .  In  an  LDD  device,  below  current  saturation  we 
observed  that  the  1/f  noise  current  spectrum  is  proportional  to  (Vd^/Vg*)’  with  0 
<  5  <  1  depending  on  Vg*,  V^s,  and  effective  channel  length  /  (see  Fig.  1  and 
2).  For  high  values  of  and  /,  5  ^  1,  but  6  0  for  V^s  Vq*.  The  deviation 

of  an  LDD  MOSFET  from  a  long-channel  device  is  due  to  the  voltage  dependent 
series  resistance  of  the  LDD  structure. 

EXPERIMENTAL  RESULTS  AND  ANALYSIS 

An  LDD  device  can  be  seen  as  a  conventional  MOSFET  in  series  with  two 
resistors  R^j  and  R^,  one  in  the  drain  side  and  another  in  the  source  side  (see  Fig. 
3a).  The  series  resistance  decreases  channel  current  and  it  shares  the  external 
drain-source  voltage  with  the  channef  f  Our  analysis  shows  an  increase  in  series 
resistance  in  the  drain  with  increasing  as  already  observed  in  Refs.^’^.  The 
channel  current  and  the  voltage  over  the  conventional  channel  part  are  clamped. 

In  Fig.  3a,  we  assume  the  square-law  model  for  the  current  versus  the  internal 
drain-source  voltage  Vj,  is  still  valid  in  the  channel  part  and  neglect  the  second- 
order  effects.  Then  the  drain  current  Id  can  be  written  as 
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for  V,.<V.  =  Vo'-l„FU  (1) 

1  +  P-R^sl'ds 


(2) 

D  = 

^00^^ OK 

(3) 

id  +  ev^  t 

where  W  is  effective  channel  width,  the  low  field  mobility,  the  gate  oxide 
capacitance  per  unit  area,  0  the  mobility  degradation  coefficient  due  to  the  normal 
electrical  field,  and  0,  the  mobility  reduction  coefficient  of  the  velocity  saturation 
due  to  the  lateral  field.  The  internal  effective  gate  voltage  is  V  =  Vq*  -  IdR^s- 
Following  the  same  procedure  as  in  Ref.  7,  with  a  set  of  devices  having  the  same 
channel  width  but  differing  in  channel  length,  and  I  are  obtained.  The  total 
resistance  of  a  MOSFET  is  R^  =  R,h  +  R^s  +  R^^,  where  R.^  is  the  channel 
resistance.  R,s  is  a  function  of  Vo*  only  and  Rcw  a  function  of  Vc*  and  Vos-  The 
influence  of  Vos  on  Rq^  is  negligible  in  the  ohmic  region.  Hence, we  can  assume 
Rod  =  Rss-  The  dependence  of  R^  on  is  obtained  from  the  intersections  of  R^ 
~  /  with  Vg'  as  a  parameter  at  Vos  =-50mV.  Combining  eq.  (1)  and  L  versus  V^s 
we  obtained  with  as  a  parameter.  Hence,  RodC^c*.  ^ds)  is  known. 

Fig.  3t)  shows  the  noise  equivalent  circuit  of  an  LDD  MOSFET.  Si  is  the 
measured  current  noise  and  S„h  the  noise  from  the  conventional  channel  only.  We 
get 

^  ^  ^  _  (4) 

d  ^ss3m  ^  ^ssSfp 


where  g„,  and  go  are  internal  transconductance  and  channel  conductance,  given  by 


and  Sv,  is  the  1/f  voltage  noise  of  and  R^s  together  for  a  current  L.  According 
to  Ref  7,  the  1/f  noise  in  a  correctly  processed  MOSFET  is  always  dominated  by 
the  channel  contribution  but  never  by  the  series  resistance,  i.e.,  go^Sv^  <  <  Sj^h. 
Therefore,  Sj^^  can  be  approximated 


where  (1  +  R^sgo,  +  R^go  +  Rodgo)^  is  a  correction  factor  due  to  the  series 
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resistance  contribution  which  is  bias  dependent. 

In  Fig.  4,  Si,h  is  calculated  with  eq.  (8)  from  experimental  results  presented 
in  Fig.  1 .  We  see  that  S,,h  is  proportional  to  (V^/Voy  which  is  the  well  known 
trend  for  long-channel  devices  without  an  LDD  structure.  In  a  short-channel  LDD 
MOSFET,  raising  V^s,  Rm  has  a  more  pronounced  influence  on  Si  when  the  device 
is  biased  at  low  Vc’  than  when  it  is  biased  at  high  Vc*.  The  carrier  concentration 
in  LDD  part  increases  as  Vo*  increases  which  results  in  a  decrease  of  Rod-  By 
increasing  the  value  of  R^  increases^  In  a  long-channel  LDD  device,  the 
dependences  S„b  ~  and  S,  ~  Vds/Vg*  are  almost  the  same  (Fig.  2).  The 

reason  is  that  the  series  resistance  is  much  smaller  than  R,h  which  is  proportional 
to  the  channel  length.  The  contribution  of  R^  to  and  S,  is  negligible.  To 
compare  the  measured  and  recalculated  (by  eq.  (8)  )  1/f  drain  current  noise  in  a 
long-channel  LDD  device,  we  find  that  there  is  no  difference  between  them  at  low 
Vds,  the  difference  becomes  considerable  at  high  V^s,  when  Vq*  remains  constant. 
The  surprising  result  is  that  uncorrected  noise  results  suggest  a  saturation  in 
current  noise  while  from  the  recalculation  of  S,,h,  the  channel  noise  is  not  yet  in 
saturation.  This  shows  again  that  R^  plays  a  more  important  role  than  R^  when 
Vds  increases. 


CONCLUSIONS 

By  taking  into  account  the  series  resistance  in  the  drain  and  source  end  with 
different  dependence  on  Vqs,  the  1/f  drain  current  noise  in  an  LDD  MOSFET 
shows  the  same  trend  as  that  in  a  conventional  long-channel  MOSFET.  The 
correction  due  to  Roa  becomes  more  significant  at  low  Vo*  and  high  Vds,  and  it  is 
essential  that  Rd<i  >  R^  above  the  ohmic  region.  This  shines  a  new  light  on  the 
analysis  of  the  degradation  due  to  hot  carriers  at  the  drain  side  and  resulting  in 
noise  increase® 
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ABSTRACT 

Noise  spectra  h a v e  been  measured  in  p ^ np ^ ,  p ^ pp ^  an d 
n  nn  MOSFETs  prepared  by  ZMR-  By  analysing  them,  the 
conclusions  have  been  made  about  the  parameters  and  some 
peculiar  features  of  the  silicon  layer  and  Si-SiO  inter- 
faces  with  the  gate  and  bur  ied  oxides - 

Noise  spectra  investigations  have  been  applied  to 
examine  silicon-on-insulator  MOSFETs  prepared  with  the 
help  of  zone  melting  re  crystal 1 i zat i on  (ZMR)-  The  struc¬ 
tures  studied  were:  p  np  ,  p  ptp  and  n  nn  with  different 
doping  concentration  in  the  silicon  layer-  The  thickness 
of  the  gate  (front)  oxide,  buried  (back)  oxide  and  sili¬ 
con  layer  were  120  nm,  iOOO  nm  and  t—  0-3  mcm, 

respectively-  The  length  of  the  channel  and  the  width  of 
the  gate  were  15  mcm  and  78  mcm  for  p  np  structures  and 
550  mcm  and  20  mcm  for  p  pp  and  n  nn  structures-  The 
noise  has  been  also  measured  on  the  blocking  contacts 
p  -n  or  n  -p  to  silicon  layers  investigated- 

The  current  noise  spectra  S  (f)  of  p  np  MOSFETs  ha¬ 
ve  both  generat ion-r ecombination  and  1/f  components  ei¬ 
ther  when  a  channel  is  under  the  gate  oxide  or  when  it  is 
✓  “ 
above  the  buried  oxide  (Fig- la) - 


Fig-1-  a  -  Current  noise  spectra  of  the  p^np^  MOSFET  mea¬ 
sured  at  i  =  10  ^A:  1  -  U  =  -3  W;  2  -  U  =  -25  V- 

g  f  ■  gb 

b  -  Dependences  of  the  value  of  r  determined  from 
the  GR  portion  of  the  noise  spectra  on  the  channel  cur¬ 
rent  i-  changed  by  U  (1,2)  or  by  U  (3,4). 
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It  has  been  found  that  the  value  of 
time  T  for  GR  fluctuations  observed  is  p 
pendent  of  the  voltage  on  the  front  <;U 


oxides  (Fig-lb).  By  analysing  the  characteristic 
GR  noise  observed,  the  concentrations  of  traps  /V 


the  relaxation 

actically  inde— 

or  back  (U  ,  > 
gb 

eristics  of  the 


respon 


sible  for  this  noise  have  been  determined-  They  are! 


.  _ 14  -3 

IG  cm 


and  ti 


(0.6-r2>  *  lO^^cm 


lower  portion  of  the  silicon 


layer,  respectively-  As 
are  characterised  by 


seen  from  Fig- lb,  those  traps  are  characterised  by  t  2c 
2-5-  10"^5- 

As  to  the  properties  of  1/f  noise,  its  peculiar  fea¬ 
tures  are  shown  in  Fig- 2  where  is  the  equivalent  spec¬ 

tral  density  of  the  gate  voltage  fluctuations  of  1/f  ty¬ 
pe-  It  is  seen  that  S 


-uo - : - 


.  ^  2  does  not  depend  on  the 

V*5  voltage  either  on  the 

’  0—1  front  or  on  the  back  oxi  — 

▼—2  fjie-  Besides,  the  ratio 

10  *  ^  ^  between  the  values  of  S 

•  —  4  u 

measured  under  conditions 
-.10  •  0  where  the  channel  is  lo- 

10  "  “S’TiT"'*’  +•—  near  the  front  oxi¬ 

de  and  near  the  back  oxi¬ 
de,  respectively,  is  equ- 
.  al  to  the  value  (d^/d^>^- 

Such  a  behaviour  is  easi- 
T  ▼  ^  ▼  ly  explained  in  the  fra- 

6  ®  mework  of  the  surface  mo- 

del  of  l/f  noise-  Then, 
applying  this  model  to 
the  experimental  results 
10  '  3  5  V  come  to  the  conclusion 

— • - * - * — —  that  the  density  of  the 

eo  30  40  V^y  surface  states  res¬ 

ponsible  for  the  1/f  noi- 
Fig-2-  Dependences  of  S  on  se  observed  does  not  de— 

,,  .I  j  pend  on  the  energy  depth 

gf  ^  gb  ^  "  of  the  surface  levels  and 

is  the  same  for  the  upper 

and  lower  interfaces  Si— SiCL  -  The  value  0  =  1-4*10 

-2  -1  *  ss 

cm  eV  has  been  obtained-  ^ 

The  noise  of  a  burst  type  has  been  observed  in  n  nn 

MOSFETs-  The  level  of  this  noise  appears  to  be  changed 

when  the  source  is  used  as  a  drain  and  the  drain  is  used 

as  a  source  while  the  drain  current  remains  constant - 


Dependences 
2>  and  on  U 


40  %V 

f  S  on 
u 

(3,4)  - 


This  unipolarity  of  the  noise  suggests  that  the  noise  is 
a  contact  noise  generated  near  the  ohmic  contacts  to  the 
layer-  The  noise  considered  remains  unipolar  and  does  not 


-80  -60  -40  -20  0  -12  -8  -k  C 

Fig-3-  Dependences  of  S  /i^  <.a,c>  and  of  i  Cb.d)  on  U 

9 

at  U  =  -12  V  <a,b>  and  on  U  ^  at  U  =0  <'c,d>  in  th 

^  gf  gb 

n  nn  MUSFET;  crosses  and  circles  correspond  to  the  opp*o- 

site  directions  of  the  channel  current;  /  =  30  Hz - 


The  dependence  of  the  noise  level  on  the  polarity  of 
the  voltage  applied  between  the  source  and  drain  contacts 
has  been  also  revealed  in  p^pp^  liOSFETs-  But  it  should  be 
noted  that  this  unipoiarity  manifests  itself  at  more 
high  currents  in  this  case  and  the  noise  observed  is  of 
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l/f  type.  It  has  been  found  that  the  value  of 
creases  with  increasing  U  and  the  unipolarity  of 


noise  is  also  increased  untill  the  inversion  layer  is 
formed  at  the  front  surface-  Under  inversion  conditions 
the  values  of  S  / for  both  current  directions  become 


inversion 


V, 


independent  of  U  -  At  the  same  time,  the  unipolarity  of 
the  noise  disappears  when  the  positive  voltage  ^ 

is  applied  to  the  back  surface  CFig-4>- 

The  conclusion  is 

^  /’i  that  the  source  of 

a.  the  contact  noise 

observed  in  structu- 
%  res  of  both  types  is 

\  situated  near  the 

-^1  ^  buried  oxide- 

10  ■  V  /  It  is  interesting 

that^  the  noise  in 
p  pp«  structures  ap— 
pears  to  be  increased 
_ I _ • — I - 1 — i - » - • - « — « — • — ^  not  only  as  in- 

creases  but  also  as 
U  rises  and  becomes 

.  .  O+-0 

g  L^A  constant  at  strong 

id  inversion  <Fig-4>- 

/>*"  This  noise  seems  to 

be  also  connected 
o-f- 0+*^®  TfcV  with  the  fluctuations 

■  near  the  contacts - 

^  An  n  on  It  follows  from 

+  80  +60  +A0  *20  0  -  20  above  mentioned  that 

.  ^  ^  ,.z  .  .  some  specific  proces- 

Fig. 4.  Dependences  of  S/s  ^(.a> 

and  of  i  <b)  on  U  in  the  p  pp  mic  contacts  to  the 

®  ^  ,,  silicon  layer  prepa- 

structure;  -  +14  V;  /-it  Hz;  ^mr  method  and 

crosses  and  circles  correspond  the  noise  can  be  ef~ 

to  the  opposite  directions  of  fectively  used  for 

the  channel  current-  their  studying- 

Noise  investiga¬ 
tion  of  blocking  contacts  has  shown  that  the  breakdown 
which  has  been  observed  in  some  of  them  at  too  low  rever¬ 
se  voltage  is  accompanied  by  the  excess  white  noise  » 

2ei-  that  is  typical  of  impact  ionization  processes-  This 
suggests  that  Just  such  processes  may  be  responsible  for 
the  low  voltage  breakdown  observed- 

Therefore,  the  noise  measurements  have  been  shown  to 
be  the  power-full  tool  for  studying  the  properties  of  SOI 
MOSFETs  prepared  by  ZMR  and  for  controlling  their  parame¬ 
ters  and  quality- 
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gb 
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crosses  and  circles  correspond 
to  the  opposite  directions  of 
the  channel  current- 
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ABSTRACT 

In  this  paper  the  high  frequency  noise  mechanism  of  MOS  transistors  operating 
in  weak  inversion  is  re-investigated.  We  propose  a  theory  that  the  noise  source  of 
the  white  noise  in  weak  inversion  is  identified  as  thermal  noise  in  the  linear  region, 
given  by  the  steady-state  Nyquist  theorem  rather  than  by  the  existing  channel  thermal 
noise  theory,  and  shot  noise  in  the  saturation  region.  Furthermore,  we  give  conclusive 
experimental  evidence  which  supports  the  theory.  Also,  a  simple  formula  for  the  high 
frequency  noise  in  weak  inversion  for  both  long-  and  short- channel  devices  over  the 
whole  range  of  drain  bias  is  introduced. 

The  high  frequency  noise  mechanism  associated  with  the  drain  current  in  weak 
inversion  has  been  discussed  by  several  authors  but  has  not  been  fully  understood^ 
There  are  two  existing  theories.  Fellrath  ^  has  reported  that  the  high  frequency  noise 
in  weak  inversion  is  shot  noise  at  least  in  the  saturation  region,  but  using  the  existing 
channel  thermal  noise  theory^,  Reimbold  and  Gentil  ^  have  shown  that  the  high  fre¬ 
quency  noise  should  be  thermal  noise  both  in  the  linear  and  saturation  regions  even 
though  the  devices  have  the  shot  noise  behaviors  in  the  saturation  region.  In  this  paper, 
we  will  show  from  the  experimental  results  of  MOSFETs  with  nonuniform  channel  that 
the  high  frequency  noise  in  the  linear  region  is  thermal  noise,  which  should  be  given 
by  the  steady-state  Nyquist  theorem,  and  also  from  the  experimental  results  of  both 
long-  and  short-channel  devices  in  weak  inversion  we  will  show  that  the  high  frequency 
noise  in  the  saturation  region  is  shot  noise. 

We  will  give  a  brief  review  of  the  existing  theory  According  to  the  existing 
channel  thermal  noise  theory  used  in  Ref.  5,  the  spectral  density  of  the  drain  thermal 
noise  current  Si^{Lo)  is  given  by 

W 

Sid{to)  =  4KTj^  finix)Qn(x)dx,  (1) 

where  K  is  the  Boltzman  constant,  T  the  absolute  temperature  of  the  device,  W  the 
channel  width,  L  the  channel  length,  /in{^)  tfie  carrier  mobility  at  position  x,  and 
Qnix)  the  inversion  layer  charge  density  per  unit  area  at  position  x.  In  weak  inversion 
for  a  device  with  low  surface  state  density  Eq.  (1)  can  be  rewritten  as^ 

S,d{i^)  =  2qlDsat{i  + exp{-^)),  (2) 

where  losat  is  the  drain  saturation  current  and  Vd  is  the  dc  drain  voltage.  Reimbold 
and  Gentil  showed^  that  Eq.  (2)  was  in  good  agreement  with  experimental  results  from 
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low  drain  bias  to  high  drain  bias  in  a  long  channel  MOS  transistor.  But  for  the  case 
of  a  short-channel  MOS  transistor  in  saturation,  the  experimental  noise  was  about  20 
percent  higher  than  the  theoretical  one.  This  discrepancy  was  attributed  to  the  poor 
saturation  of  the  drain  current  at  high  drain  voltages  caused  by  drain  induced  barrier 
lowering  (DIBL).  According  to  the  generalized  Nyquist  formula^,  the  spectral  density 
of  the  drain  noise  current  is  expressed  as'^ 

5,4^)  =  4A^T,,(1  -  g||),  (3) 

where  is  the  output  conductance  and  Id  is  the  dc  drain  current.  Eq.  (3)  is  expected 
to  explain  the  high  frequency  noise  in  both  long-  and  short-channel  devices  because 
for  long-channel  devices  Eq.  (3)  reduces  to  Eq.  (2)"^,  and  for  short-channel  devices 
the  influence  of  DIBL  on  the  drain  noise  current  can  be  incorporated  in  Eq.  (3)  by 
taking  into  account  DIBL  effects  when  calculating  ga-  According  to  Eq.  (3),  the  drain 
noise  current  is  channel  length  dependent,  and  should  have  a  more  suppressed  high 
drain  voltage  plateau  <  0.5)  as  the  channel  length  gets  shorter. 

But  contrary  to  this,  the  experimental  results  of  Ref.  3  and  ours  (See  Fig.  4)  show 
that  5icf(cj)/5'j£f(a;)|v^^o  >  0.5  over  the  whole  range  of  drain  voltages  in  short-channel 
MOSFETs.  Thus  neither  Eq.  (2)  nor  Eq.  (3)  can  explain  the  experimental  results  of 
high  frequency  behavior  of  the  drain  noise  current  for  short- channel  devices  in  weak 
inversion.  Neither  can  the  pure  shot  noise  theory^  explain  the  experimental  results  for 
low  drain  bias^. 

Recently,  it  has  been  shown  that  the  spectral  density  of  the  drain  thermal  noise 
current  in  MOSFETs  operating  in  the  linear  region  should  be  given  by  the  steady-state 
Nyquist  theorem  rather  than  by  Eq.  (1)  The  steady-state  Nyquist  theorem  has 
been  extended  to  explain  the  thermal  noise  in  long-channel  devices  operating  in  the 
saturation  region.  According  to  the  extended  steady-state  Nyquist  theorem,  we  have  ^ 

Si,(a>)  =  4AT„^  (4) 


where  Tn(x)  is  the  electron  temperature  at  a;,  and  go{x)  is  the  channel  conductance  per 
unit  length  at  x.  We  have  already  explained  that  Eq.  (1)  is  physically  unacceptable 
But  since  both  Eq.  (4)  and  Eq,  (1)  can  explain  the  high  frequency  noise  behaviors 
of  MOSFETs  with  uniform  channel  operating  in  the  linear  region,  we  still  need  some 
conclusive  experimental  evidence  to  prove  the  correctness  of  Eq,  (4)  in  the  linear  region. 
Since  Eq.  (4)  and  Eq,  (1)  give  different  values  of  thermal  noise  for  a  MOSFET  with 
nonuniform  channel  at  a  given  bias,  we  measured  the  high  frequency  noise  in  MOSFETs 
with  nonuniform  channel  (devices  jjl  and  J2),  whose  geometry  and  device  parameters 
are  given  in  Fig.  1  and  Table  I,  respectively.  Also  we  evaluated  Eq.  (4)  and  Eq.  (1) 
using  the  device  simulator  SNU-2DE^°.  As  expected,  Figs.  2  and  3  show  that  Eq.  (4) 
is  in  good  agreement  with  the  experimental  results  in  the  linear  region  for  both  weak 
and  strong  inversion.  Thus  we  have  conclusive  experimental  evidence  that  Eq.  (4)  is 
correct  for  MOSFETs  in  the  linear  region.  Fig.  4  shows  that  thermal  noise  alone,  even 
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with  hot  electron  effects  taken  into  account,  can  not  explain  the  high  frequency  noise 
of  MOSFETs  in  weak  inversion,  especially  in  a  short-channel  device  at  high  drain  bias. 

The  similarity  in  conduction  mechanism  between  the  collector  current  in  BJTs  and 
the  drain  current  in  MOSFETs  in  weak  inversion^^  suggests  that  MOSFETs  operating 
in  the  saturation  region  of  weak  inversion  should  give  rise  to  shot  noise.  Thus,  we 
expect  that  shot  noise  and  thermal  noise  are  competing  in  MOSFETs  operating  in 
weak  inversion,  so  that  Sid{(^)  can  be  expressed  as 

5.■<^(w)  =  4AT„^  +  2^7c^^  (6) 


where  F^  is  a  shot  noise  suppression  factor  given  by 


I  AT 
•qVn 


(1  -  e  ) 


(7) 


Eq.  (7)  is  obtained  by  equating  Eq.  (2)  with  Eq.  (4)  with  Tn  =  T,  because  Eq.  (2)  can 
explain  the  experimental  results  for  long-channel  devices^.  This  F^  for  long-channel 
devices  is  assumed  to  be  valid  in  short-channel  devices.  Our  experiments  (Figs.  4  and 
5)  show  that  Eq.  (6)  is  in  good  agreement  with  the  experimental  results  of  both  short- 
and  long-channel  MOSFETs  (device  jl3  and  |t4)  in  weak  inversion  over  the  whole  range 
of  drain  bias.  As  we  see  in  Figs.  4  and  5,  thermal  noise  is  dominant  in  the  linear  region, 
and  shot  noise  is  dominant  in  the  saturation  region  with  F^  -  1. 
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TABLE  I.  The  device  parameters  for  the  test  devices. 


Device  jjl 

Device  j|2 

Device  jj3 

Device  i|4 

20pm/20fim 

5pml5pm 

0/im/2;nm 

Ofim/lOpm 

IF 

AOpm 

1500/im 

30/im 

1500pm 

To, 

1300A/250A 

1300A/250A 

1300A/250A 

13001/250^ 

Vt 

0.135F 

0.135F 

0.334y 

-0.097r 

^sub 

5  X  lO^^cm-^ 

5  X  lO'^cm-3 

1  X  lO^^cm"^ 

5  X  lO^^cm-3 
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Fig.  2.  Noise  measurement  and  simula¬ 
tion  of  the  device  jjl  in  strong  inversion 
near  thermal  equilibrium. 


Fig.  4.  White  noise  of  the  short-channel 
MOS  device  (device  |j3)  in  weak  inver¬ 
sion. 


Fig.  1.  Geometry  of  the  devices  under 
test. 


Fig.  3.  Noise  measurement  and  simula¬ 
tion  of  the  device  t}2  in  weak  inversion 
near  thermal  equilibrium. 


Fig.  5.  White  noise  of  the  long-channel 
MOS  device  (device  (4)  in  weak  inver¬ 
sion. 


LOW-FREQUENCY  NOISE  AND  RANDOM  TELEGRAPH  SIGNALS 
IN  035/mi  SILICON  CMOS  DEVICES 
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ABSTRACT 

A  detailed  investigation  of  the  low  frequency  noise  in  Si  MOS  devices 
issued  from  a  0.35  fim  CMOS  teclmology  is  conducted.  The  nonnalized  drain 
current  noise  WLSid/Id^  has  been  systematically  measured  at  a  fixed  frequency 
(lOHz)  and  constant  normalized  drain  current.  It  is  found  that,  for  large  area  devices 
(>  7-10/zm2),  the  sample-to-sample  noise  level  variation  lies  around  a  factor  of  2-3, 
while,  for  the  smallest  devices  (0.1-0.3/zm2),  the  sample-to-sample  noise  level 
variation  can  exceed  3  decades,  hi  large  area  devices,  the  1/f  noise  can  easily  be 
described  by  a  classical  carrier  number  fluctuation  model  using  the  concept  of 
dynamic  flat  band  voltage,  hi  tlie  case  of  intermediate  or  small  areas,  a  multi-RTS 
component  scheme  has  to  be  employed. 


INTRODUCTION 

The  impact  of  miniaturization  on  the  perfoniiance  of  silicon  MOS  devices  is 
a  key  issue  for  ULSI  integrated  circuits.  Among  other  limitations,  the  low 
frequency  noise  and  fluctuations  may  constitute  a  serious  constraint  with  respect  to 
the  signal-to-noise  ratio  or  the  noise  margin  for  the  use  of  MOS  devices  in  analog 
and  digital  circuits.  Despite  much  efforts,  veiy  few  attention  has  been  paid  to  point 
out  the  influence  of  scaling-down  on  the  low  frequency  noise  level  in  small  area 
MOS  devices,  and,  in  particular,  in  newly  evolved  deep  submicron  Si  technologies. 

Therefore,  in  this  this  work  is  presented  a  detailed  investigation  of  the  low 
frequency  noise  of  Si  MOS  devices  issued  from  a  0.35  fim  CMOS  technology.  This 
gives  us  the  opportunity  to  study  the  noise  and  fluctuations  in  MOS  transistors  with 
areas  monotonically  distributed  between  50/^m2  and  0.1/^m2, 


EXPERIMENTAL  DETAILS 

The  devices  used  throughout  this  work  have  been  fabricated  at  LETT 
(Grenoble)  accorduig  to  a  LDD  CMOS  process  with  electron  beam  or  deep-UV 
lithography  and  a  SILO  isolation  technique.  The  gate  oxide  tliickness  is  about  70A, 
the  gate  widtli  W  and  length  L  vary  fi-om  0.4-25/zm  and  0.3-20//m,  respectively.  The 
combination  of  all  test  pattern  geometries  provides  17  areas  from  0.1  to  50/nn2. 

The  low  frequency  noise  (lOmHz-lOkHz)  and  Random  Telegraph  Signal 
(RTS)  measurements  have  been  conducted  using  an  ONO-SOKKI  spectrum 
analyzer  loaded  by  a  low  noise  voltage  amplifier  and  an  EG&G  model  181 
current-voltage  converter. 
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RESULTS  AND  DISCUSSION 

The  normalized  drain  current  noise  WLSid/Id^  has  been  systematically 
measured  at  a  fixed  frequency  (lOHz)  and  constant  normalized  drain  current 
(LId/W=0.4/iA)  on  several  (6-7)  chips  with  the  same  test  pattern,  giving  access  to 
17  different  gate  areas.  It  is  found  that,  for  large  area  devices  (>  7-10/zm2),  the 
sample-to-sample  noise  level  variation  lies  around  a  factor  2-3,  while,  for  the 
smallest  devices  (0,l-0,3/mi2),  the  sample-to-sample  noise  level  variation  can 
exceed  3  decades  (see  Fig.  1).  It  should  be  mentionned  that,  for  such  a  0.35/zm 
CMOS  technology,  the  threshold  voltage  variation  in  linear  region  does  not  exceed 
60-90mV  for  all  the  geometries,  emphasizing  the  veiy  good  optimization  of  the 
scaling  down  process  with  good  control  of  the  narrow  and  short  ciiannel  effects  (see 
Fig.  2). 


Fig.  1  :  Experimental  plot  of  the 
normalized  drain  current  noise 
level  versus  device  area  for  17 
different  sample  geometries 


Fig.  2  :  Typical  normalized 
transfer  characteristics  as 
obtained  for  various  geometries 
(W/L=25/.3,  25/1,  25/5,  .4/.3, 
l/.3,2/.3). 


A  detailed  study  of  the  spectrum  and  time  domain  data  carried  out  on 
typical  devices  clearly  demonstrates  that  the  strong  sample-to-sample  variation  in 
die  noise  level  is  mainly  originated  from  the  drastic  change  of  the  noise  type  with 
scaling-down.  In  effect,  in  sufficiently  large  area  devices  (>5-7/im2),  the  noise  is 
typically  1/f  like,  whereas,  for  small  area  devices  (<l/nn2),  the  noise  results  from 
the  contribution  of  one  or  several  RTS  components  (see  Fig.  3). 

In  large  area  devices,  the  1/f  noise  can  easily  be  described  by  a  classical 
carrier  number  fluctuation  model  using  the  concept  of  dynamic  flat  band  voltage 
[3].  This  results  in  the  fact  that  the  dependence  with  gate  and  drain  voltages  of  the 
normalized  drain  current  noise  is  well  correlated  to  those  of  the  corresponding 
transconductance  to  drain  current  ratio  squared  [1]. 
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Fig.  3  :  Typical  example  of 
drain  current  spectra  as  obtained 
for  various  devices. 


For  very  small  area  devices  where  only  one  RTS  component  is  active,  the 
lorentzian  noise  spectrum  can  be  calculated  provided  the  emission  and  capture  time 
constants  as  well  as  the  RTS  amplitude  dependence  with  biases  can  be  modeled. 
Most  of  the  time,  the  modified  SHR  statistics  including  tunnel  assisted  process  is 
well  appropriate  to  describe  properly  the  variations  with  gate  and  drain  voltages  of 
the  time  constants.  Moreover,  as  for  large  area  devices,  the  concept  of  dynamic  flat 
band  voltage  can  also  successfully  be  used  to  model  the  RTS  amplitude  variation 
both  with  gate  and  drain  voltages  [21.  These  time  constant  and  RTS  amplitude 
approaches  enables  in  turn  a  reasonable  modeling  of  the  noise  spectrum  to  be 
obtained  for  various  biases. 

In  the  case  of  intermediate  areas,  a  multi-RTS  component  scheme  has  to  be 
employed  [3,41.  In  this  situation,  the  strong  sample-to-sample  noise  level  dispersion 
can  be  satisfactorily  evaluated  by  a  low  frequency  noise  model  in  which  die  low 
frequency  fluctuations  in  a  Si  MOS  transistor  results  from  the  superposition  of 
several  RTS  fluctuators  with  randomly  distributed  time  constants.  In  such  a  case, 
the  normalized  drain  current  noise  is  obtained  as  [4]  : 

^  Tk 

Sld/Id^  =  (w  L  C  )2  •  Id2  2.)"* 
ox  ^ 


1  + 


(1), 
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where  q  is  the  electron  charge,  Cox  is  the  gate  oxide  capacitance,  gm  is  the  gate 
transconductance,  rk  is  the  effective  time  constant  of  the  kith  RTS,  u=2T[f  is  the 
angular  frequency  and  Ak=fk(l-fk)  with  fk  being  the  occupancy  factor  of  the  kith 
RTS. 


A  good  representation  of  the  noise  level  dispersion  diagram  can  therefore  be 
obtained  assuming  that  the  oxide  traps  are  uniformly  distributed  in  space  and  in 
energy  with  a  given  volume  trap  state  density  Nt^JlOtVeVcm^  (see  Fig.  4). 


Fig.  4  :  Theoretical  plot  of  the 
normalized  drain  current  noise 
dispersion  versus  device  area. 


CONCLUSION 

The  drastic  change  in  the  type  of  low  frequency  noise  due  to  the  emergence 
of  RTS  components  in  scaled  down  devices,  renders  the  modeling  of  noise  more 
complicated  than  in  large  area  devices.  The  complexity  of  the  modeling  results 
essentially  from  the  fact  that,  in  small  area  transistors,  the  spectrum  is  composed  by 
the  superposition  of  a  small  numbers  of  lorentzian  spectra.  The  characteristic 
parameters  (time  constant  and  amplitude)  of  each  lorentzians  are  in  addition 
extremely  difficult  to  predict  accurately  because  of  the  sample-to-sample  dispersion 
and  of  the  bias  dependencies. 
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ABSTRACT 

We  report  the  observation  of  random  telegraph  signals  (RTS)  in 
the  channel  resistances  of  nominally  1.25  fim  x  1.25  pm,  enhancement¬ 
mode  pMOS  transistors  fabricated  using  the  AT&T  1-pm  radiation 
hardened  technology.  Devices  were  operated  in  strong  inversion  in 
the  linear  regime.  Measurements,  performed  for  temperatures  ranging 
from  77  to  300  K  and  various  gate  voltages,  show  that  capture  and 
emission  times  are  both  thermally  activated  and  that  the  capture  time 
depends  strongly  on  the  gate  voltage.  Results  suggest  that  the 
unfilled  trap  is  charged  and  that,  after  capturing  a  hole,  the  trap 
relaxes  to  a  lower  energy.  Basic  features  of  a  model  are  discussed. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Metal-oxide-semiconductor  (MOS)  transistors  are  known  to 
exhibit  relatively  large  levels  of  low-frequency  1/f  noise. ^  Much 
evidence  now  suggests  that  this  noise  is  related  to  the  capture  and 
emission  of  charge  carriers  by  localized  defects  at  or  near  the 
Si/Si02  interface . -R' The  drain  voltage  of  very  small  gate-area 
devices,  especially  at  low  temperatures,  shows  random  switching 
between  two  discrete  levels,  apparently  arising  from  the  capture  and 
emission  of  a  single  charge  carrier . ^ A/ 6, 7 , 8  Such  random  telegraph 
signals  (RTS) ,  observed  in  small  gate-area  devices,  have  been  shown 
to  superpose  to  give  1/f  noise  in  larger  area  devices.^  Thus, 
information  gained  from  the  study  of  RTS's  in  MOSFETs  should  be 
helpful  in  understanding  the  origins  of  1/f  noise  in  these  devices. 

We  have  investigated  six  RTS's  in  two  relatively  small  gate- 
area  1.25  Hm  X  1.25  pm)  p-channel,  enhancement  mode  MOS 

transistors  operated  in  strong  inversion.  Devices  have  an  oxide 
thickness  of  18  nm  and  were  fabricated  using  the  AT&T  1-pm  radiation 
hardened  technology.^  To  our  knowledge  these  devices  have  the  lowest 
defect-density  and  are  the  most  radiation-tolerant  of  any  devices 
used  for  such  studies.  Temporal  fluctuations  (5V^(t))  in  the  drain 
voltage  (V,^)  were  observed  when  devices  were  operated  in  their  linear 
regimes  with  fixed  gate  voltage  (Vg)  and  drain  current  (I^)  ;  the 
source  lead  was  grounded  during  all  measurements .  The  measurement 
conditions  were  similar  to  those  we  have  used  previously  for  noise 
measurements  on  large  area  devices.^  Measurements  were  performed 
for  sample  temperatures  (T)  between  77  and  300  K  and  effective  gate- 
voltages  ranging  from  -200  mV  to  -2  V,  where  is  the 
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threshold  voltage.  The 

measurement  bandwidth  was  from 
0.03  Hz  to  30  kHz  and  typically 
-100  mV  <  <  0,  For  these 

devices,  RTS's  were  very 

reproducible  even  after  many  days 
and  multiple  temperature  cycles. 

For  each  device  it  was 
possible  to  find  a  range  in  T  and 
Vg  for  which  was  observed  to 

randomly  switch  between  two 
discrete  levels,  similar  to  Figure  1.  Semilog  plot  of  capture 
behavior  reported  by  others  .  2- 5-8  time  versus  inverse  temperature  at  fixed 
The  drain-voltage  switching  scaled  gate  voltage. 

with  the  indicating  switching  in  the  channel  resistance, 

5Rch  ~  attempt  was  made  to  use  the  drain-voltage 

dependence  to  locate  the  trap  along  the  channel.^  The  RTS's  were 
characterized  by  their  resistance  changes  and  their  mean  times 

in  the  "high-"  and  "low- resistance"  states.  We  found  the  dependence 
on  Vg  to  be  consistent  with  the  idea  that  the  high  resistance  states 
were  associated  with  the  trapping  of  a  single  charge  carrier.  We 
thus  identified  the  mean  time  in  the  high  resistance  state  as  the 
trap  emission  time  (Xg)  .  The  mean  time  in  the  opposite  state  was 
identified  as  the  trap  capture  time  (x^)  . 

The  duty  cycles  of  the  RTS’s 
were  found  to  depend  primarily  on 
Vg  while  the  switching  rates 
depended  primarily  on  T,  similar 
to  the  findings  of  others. The 
corner  frequency  increased  with  T, 
leaving  the  measurement  bandwidth 
with  a  change  of  20-30  K. 

Here  we  display  data  from 
one  trap.  Data  from  other  traps 
were  similar.  We  observed  that, 
for  fixed  Vg,  both  x^  and  Xg  varied 
with  T  in  a  manner  consistent  with 
thermal  activation,  i.  e. 

Xj  =  Xgj  exp  (Ej/kT)  ,  (D 

where  j  stands  for  capture  or  emission,  Ej  is  the  activation  energy, 
and  Xgj  is  the  attempt  time.  Typical  capture  and  emission  time  data 
are  illustrated  in  Figures  1  and  2. 

Within  experimental  error,  the  activation  energies  for  both 
capture  and  emission  were  independent  of  gate  voltage.  This  is  shown 
in  Figure  3.  For  this  particular  RTS  the  activation  energies  were 
found  to  be  E^  »  (115+10)  meV  and  Eg  w  (150±10)  meV,  respectively. 

The  data  of  Figures  1  and  2  may  be  re-plotted  to  show  how  the  RTS 
varies  with  gate  voltage  at  fixed  temperature.  This  is  shown  in 
Figure  4  for  T  =  90  K,  confirming  the  strong  dependence  of  x^  and 


Figure  2.  Semilog  plot  of  emission  time 
versus  inverse  temperature. 


-2.50 

-2.60 

-2.70 


388  Small  Gate-Area  p-MOS  Transistors 


Figfure  3.  Variation  of  the  activation 
energies  for  capture  and  emission  with 
gate-voltage. 
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Figure  4.  Gate  voltage  dependencies  of 
the  capture  and  emission  times  for  fixed  T 
=  90K. 


weak  dependence  of  Tg  on  Vg.  Referring  to  the  above  equation,  this 
means  that  both  prefactors  may  be  written  as 


'^jO  =  exp(Vg/({)j)  , 


where  Cj  and  (fj  are  fit  parameters  independent  of  both  T  and  Vg.  We 
note,  however,  that  there  are  large  uncertainties  in  extrapolated 


intercepts  for  graphs  like  those  in 
The  data  suggest  the 

following  model.  We  assume  that 
the  RTS  arises  when  a  majority 
carrier  is  captured  and  emitted  by 
a  single  trap,  located  0-3  nm  from 
the  Si/Si02  interface.  The  empty 

trap  level,  E.^-,  is  located  below 

the  silicon  valence  band  edge  at 
the  interface.  To  be  captured,  a 
hole  must  first  be  excited  to  an 

energy  E^  in  the  silicon  valence 
band,  then  tunnel  to  the  localized 
trap  state  in  the  oxide.  The 
thermally  activated  behavior  comes 
from  the  T-dependence  of  the 


Figures  1  and  2 . 

tox  d  0 

I  I  ] 


Fermi-Dirac  hole  distribution.  ^  ,  i-  i  i  i 

Thus,  we  identify  the  energy  Figure  5.  Band  diagram  showing  hole 
difference  as  the  trap  energy  levels, 

activation  energy  for  capture. 

Since  the  hole  is  not  immediately  emitted,  the  filled  trap  is 
assumed  to  undergo  a  lattice  relaxation  resulting  in  the  lowering  of 
the  localized  hole  state  to  a  new  energy,  ’  ,  with  E.|- '  < 

For  emission  to  proceed,  the  lattice  atoms  must  rearrange  themselves, 
raising  the  trap  level  above  E^.  This  process  would  typically  depend 
strongly  on  lattice  temperature,  with  an  activation  energy 
Eg=Ef-Et'.^^  These  ideas  are  illustrated  in  Figure  5. 

Several  unresolved  issues  remain.  For  instance,  one  would 


expect  both  E^  and  E^ '  to  vary  with  oxide  field  (i.e.,  gate  voltage) 
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whereas  the  data  do  not  support  this.  Since  only  the  capture  time 
varies  significantly  with  Vg  we  speculate  that  the  empty  trap  is 
negatively  charged  while  the  filled  trap  is  neutral.  The  Vg- 
dependence  of  might  enter  both  through  and  also  though  a  V^- 
dependent  tunneling  rate.  ^ 

Very  recent  data  for  one  trap  shows  that  both  capture  and 
emission  times  become  independent  of  lattice  temperature  below  15  K. 
This  suggests  that  lattice  motion  other  than  thermal,  perhaps  zero- 
point  motion  or  configurational  tunneling,  is  involved  in  the  lattice 
transition. 

In  conclusion,  we  have  observed  highly  reproducible  random 
telegraph  signals  in  small  gate-area  pMOS  transistors  at  temperatures 
down  to  77  K.  We  find  both  capture  and  emission  times  to  depend 
strongly  on  temperature  (i.e.,  thermally  activated)  while  only  the 
capture  time  varies  strongly  with  gate  voltage.  We  conclude  that  the 
unoccupied  trap  is  charged,  and  suggest  a  model  involving  lattice 
relaxation  of  the  filled  trap. 

The  authors  would  like  to  thank  B.  Mukhergee  for  help  with  some 
measurements  and  one  of  us  (JHS)  expresses  appreciation  to  C.  Rogers 
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SMALL-AREA  Si  MOST's 
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ABSTRACT 

This  paper  investigates  the  relationship  between  Random  Telegraph  Signals 
(RTS’s)  often  observed  in  small-area  Si  MOSTs  and  the  corresponding  low-frequency 
(LF)  noise  spectrum.  From  the  study  of  hot-carrier  (HC)  stress  induced  changes  follows 
that  RTS  can  be  used  as  a  sensitive  tool  for  HC  degradation  studies.  Secondly,  it  is 
demonstrated  that  the  noise  in  a  small-area  MOST  is  largely  reduced,  when  cycled  from 
accumulation  in  inversion,  indicating  that  RTS  is  the  dominant  LF  noise  source. 

INTRODUCTION 


According  to  the  McWorther  theory^  the  fundamental  origin  of  low-frequency 
1/f  noise  in  Si  MOST's  is  trapping-detrapping  through  interface-near  oxide-traps.  The 
spectrum  of  such  a  single  Generation-Recombination  (GR)  center  is  Lorentzian  and 
t^es  the  general  form^-^: 


with: 


Sid  =  (^d)^ 


X 

1  -h  (27tfT)2 


(1) 

(2) 


Sid  is  the  drain  current  (Id)  noise  spectral  density,  AId  the  drain  current  step  induced 
by  the  oxide  trap,  f  the  measurement  frequency  and  x  the  effective  GR  time  constant, 
which  is  determined  both  by  the  emission  Xq  and  by  the  capture  time  constant 
Averaging  over  a  large  number  of  uncorrelated  oxide  traps,  which  are  unavoidably 
present  in  a  "large-area"  Si  MOST,  yields  the  well-known  1/f  noise  spectrum,  as 
convincingly  demonstrated  by  Uren  et  al.  Scaling  down  the  device  feature  size,  the 
number  of  active  oxide  traps  reduces  accordingly  and  the  spectmm  becomes 
predominantly  Lorentzian,  while  at  the  same  time  Random  Telegraph  Signals  (RTS's) 
are  observed  in  the  drain  current.  Therefore,  in  this  paper,  the  relationship  between  the 

LF  noise  spectrum  and  the  RTS  characteristics  (amplitude  AId;  capture  and  emission 
time)  is  thoroughly  investigated,  aiming  at  a  better  understanding  of  the  RTS 
phenomenon. 


RESULTS  AND  DISCUSSION 

One  attractive  way  to  validate  in  situ,  i.e.  in  a  single  device,  the  McWorther 
theory  is  to  gradually  increase  the  number  of  oxide  traps  in  a  small-area  Si  MOST  by 
hot-carrier  (HC)  degradation  and  to  monitor  the  corresponding  LF  noise  spectrum.  It  is 
well-known  that  HC  degradation  increases  the  number  of  interface/oxide  traps  in  a 
damaged  region  near  the  drain  From  this,  one  would  expect  the  LF  noise  spectmm  to 
change  from  Lorentzian-like,  i.e.  dominated  by  one  or  a  few  oxide  traps,  to  a  more  1/f- 
like  behaviour.  Unfortunately,  it  is  hard  to  create  new  RTS's  by  the  HC  stress  procedure 
used<^’'^.  On  the  other  hand,  from  a  detailed  study  of  the  RTS  characteristics  prior  to  and 
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after  stress,  a  systematic  change  can  be  deduced,  for  instance  in  the  amplitude  Alp.  This 
change  is  a  measure  of  the  local  damage  of  the  Si-Si02  interface. 

Both  n-channel  and  p-channel  devices  have  been  stressed  and  characterized,  as 
descibed  in  Refs.  6,7.  RTS  has  been  measured  in  linear  operation  (constant  drain 
voltage  Vps)  ^  function  of  Vpg,  both  for  "positive"  or  forward  (F)  operation 

and  for  reverse  (R)  operation,  resulting  in  the  RTS  amplitude  asymmetry. 

In  the  linear  region,  a  systematic  reduction  of  the  fractional  RTS  amplitude 

AId/Id  is  observed  (Fig.  la).  The  opposite  trend  is  found  for  the  pMOST's  (Fig.  lb). 
To  a  first  approximation,  the  same  trend  is  observed  in  the  dc  characteristics:  the 
normalized  transconductance  gm/lD  reduces  for  n-  and  increases  for  pMOSTs  after  HC 

stress^’’^.  The  change  of  the  amplitude  asymmetry  is  more  complex^»7,  although  to  a 
first  approximation  the  same  tendency  dominates,  i.e.  an  increase  for  pMOST's  ffig.  2) 
and  a  r^uction  for  n-channel  devices. 

These  HC  stress  induced  changes  can  be  understood  as  follows.  As  shown 
previously,  the  RTS  amplitude  is  in  its  most  generalized  form  given  by 

Alp  Aa  AL  AW 
to  “  ctLW 


with  LW  the  device  area  (length  times  width);  AT  AW  the  area  which  is  cored  out  by  the 

RTS  and  c,  Aa  respectively  the  channel  conductivity  and  the  change  in  the  channel 
conductivity  due  to  the  presence  of  a  single  interface  trap.  The  degradation,  resulting 
from  the  application  of  HC  stress,  of  the  normalized  RTS  amplitude  Sien  corresponds  to: 


5(AIpAp)- 


Alp  5L  C2-^ 

to  L  02 


(4) 


with  5L  the  extent  of  the  damaged  region  (==0.1  pm)  and  02  the  conductivity  in  the 
damaged  region.  In  other  words,  the  change  in  the  RTS  amplitude  is  according  to  eq.  (4) 
proportional  to  the  variation  in  the  channel  conductance  due  to  the  presence  of  the  HC 
damaged  region. 

Alternatively,  it  can  be  demonstrated  that 


6(^) 


Alp  5(Cox-tCit) 

to 


(5) 


to  to  Cox+Cit 
with  Cox  Qt  respectively  the  oxide  and  the  interface-trap  capacitance  per  unit  of 
area.  Based  on  eq.  (5),  it  is  concluded  that  for  nMOST's,  the  creation  of  interface  traps 


is  dominant^,  resulting  in  an  increase  of  Cjt^  or  a  reduction  of  Alp.  In  the  case  of 
pMOSTs,  electron  trapping  is  dominant,  yielSng  a  reduction  of  Cox»  or  an  increase  of 


Alp  in  linear  operation. 

The  normalized  drain  current  noise  <i(j>/Ip  at  a  constant  frequency  f  and 
corresponding  with  an  RTS  is  characterized  by  the  occurrence  of  peaks  (Fig.  lb  and  3), 
which  are  related  to  the  Lorentzian  nature  of  the  noise  spectrum.  By  filling  in  the 
measured  capture  and  emission  constants  and  amplitude  in  eqs.  (l)-(2),  this  peak-shaped 
behaviour  is  reconstructed  satisfactorily.  In  other  words,  these  features  can  be  used  to 
extract  the  parameters  of  the  corresponding  RTS  -  it  is  for  instance  demonstrated  that  the 

peak  maximum  occurs  for  the  condition  Xq='Iq.  After  stress,  the  peaks  are  shifted  and 
show  a  higher  amplitude  for  pMOST's  (Fig.  l.b  and  3),  which  is  related  to  the  reported 
change  in  the  RTS  amplitude  and  to  the  change  in  the  time  constants.  The  latter  can  be 
estimated  from  the  LF  noise  peaks  at  different  f. 
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Drain  Current  ID  (nA)  Drain  Current  ID  (nA) 


Fig.  la.  HC  stress  induced  reduction  of  the  Fig.  lb.  HC  stress  induced  increase  of  the  firactio- 

fractional  RTS  amplitude  in  linear  operation  nal  RTS  amplitude  and  of  gn^/Ip)  for  a  pMOST 

(V j)s=0. 1  V)  for  a  set  of  RTS's  in  the  same  in  linear  operation  (V ds="50  mV).  Stress  was  for 

nMOST.  Stress  was  for  2  min.,  at  a  gate  vol-  2  min.  at  Vq3=-4  V;  Vj[)5=-8  V  and  zero  substra- 

tage  V(3s=4  V  and  Vds=8  V.  Forward  stress.  te  bias  Vgg.  F  stress. 


Drain  Voltage  VDS  (V)  Drain  Current  ID  (pA) 

Fig.2.  Influence  of  forward  stress  on  the  "noise"  Fig.  3.  Pre-  and  post  HC  stress  LF  noise  charac- 
asymmetry  for  a  pMOST  in  saturation.  Vqs=  teristics  at  constant  f,  for  a  small-area  pMOST 

-1.8V.  A  forward  stress  was  q)plied.  in  linear  operation  (V£)5=-50  mV). 

Curve  a ;  gm/Io  ^  forward  stress  was  applied. 

Curve  c:  Aljyij)  pre  and  d:  post 

In  a  second  approach,  the  LF  noise  behaviour  of  submicron  MOST's  is 
examined  by  cycling  the  device  from  inversion  into  accumulation  1  ^>11.  This  technique 
was  originally  proposed  by  Bloom  and  NemirowskilO  and  applied  to  large-area  Si 
MOSTs,  There  it  is  shown  that  the  LF  noise  is  considerably  reduced  by  cycling  the 
MOST  between  inversion  and  accumulation,  i.e.  between  VqsI  (on)  and  Vgs2  (o?fi  in 
accumulation),  with  some  frequency  fcycle-  ^  sample  and  hold  circuit  keeps  track  of  the 
MOST  output  voltage  only  during  the  time  windows  of  "normal"  operation, 
corresponding  with  Vgsl  The  output  of  the  sample  and  hold  circuit  is  fed  to  a 
HP3562A  spectmm  analyzer. 
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From  Fig.  4  clearly  follows  that  a  strong  reduction  of  the  LF  noise  is  observed 
in  the  small-area  nMOST,  similar  as  for  large-area  devices.  However,  in  this  case,  the 
Lorentzian-like  spectrum,  corresponding  with  an  RTS,  is  reduced  by  cycling  operation 
to  a  white  LF  noise  spectrum.  Monitoring  the  RTS  time  constants,  one  concludes  that 
for  sufficiently  large  fcycle*  longer  able  to  follow  the  cycling.  This  means 

that  the  centre  remains  occupied  by  a  carrier,  which  has  been  trapped  dimng  the  off 
period,  so  that  it  no  longer  contributes  to  the  LF  noise  (Fig.  5).  From  this,  it  is  inferred 
that  RTS  is  the  dominant  LF  noise  source,  at  least  in  the  small- area  devices  studied.  At 
the  same  time,  this  technique  offers  a  simple  way  to  eliminate  the  RTS  contribution  and 
to  investigate  the  residual  LF  noise. 


Fig.  4, 
0.4x0. 


,  Drain  current  noise  spectra  for  a 
8  |im  nMOST  in  linear  operation 


“  "^high  cycled  ■ 
a  "^low  cycled 

m  m  trap'B" 
Thigh  continuous  ^  ^  ^ 

o  How  0°^  ^ 


DccaoipQOgiigiri 


,,  trap” A' 


(accumulaiion) 


2.S  3.5 

VgS  or  Vgs2  [VI 


Fig.  5.  Time  constants  of  the  two  RTS’s  ob¬ 
served  in  the  nMOST  of  Fig.  4.  Thigh 


(VdS=0-1  V).  ^ycie=l  kHz,  Id=40  nA 
andVGSl=2.13  V. 


Xjq^  under  "continuous"  operation  (Vgsi= 
Vgs2)  under  "cycling"  operation 
=2.13  V  and  Vqs2  ^ 


CONCLUSIONS 

From  the  present  study  clearly  follows  the  close  relationship  between  RTS  and 
LF  noise  in  Si  MOST's.  However,  the  observed  HC-stress  induced  changes  are  still  a 
challenge  for  present-day  theory.  Furthermore,  the  RTS-related  LF  noise  peaks  provide 
an  alternative,  spectroscopic  means  for  studying  the  relevant  trap  parameters. 
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THE  KINK-RELATED  LOW-FREQUENCY  GENERATION- 
RECOMBINATION  NOISE  IN  SILICON-ON-INSULATOR  MOST's 
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ABSTRACT 

This  paper  reports  the  results  of  a  detailed  investigation  of  the  kink-related  excess 
low-frequency  noise  in  partially-depleted  Silicon-on-Insulator  MOST’s.  As  is  shown, 
the  noise  overshoot  amplitude  is  proportional  to  the  density  of  active  generation- 
recombination  centres  in  the  depletion  region  of  the  transistor.  Furthermore,  the 
amplitude  is  inversely  proportional  to  the  measurement  frequency  f  and  to  the  device 
effective  length.  From  the  study  of  a  large  number  of  devices  fabricated  in  different  SOI 
technologies,  at  different  temperatures,  a  general  model  is  derived,  which  takes  into 
account  the  close  relationship  with  the  multiplication  cuirenL 

INTRODUCTION 

One  of  the  problem  issues,  related  to  the  implementation  of  partially-depleted  (PD) 
Silicon-on-Insulator  (SOI)  MOS  transistors  for  analog  applications  is  the  occurrence  of 
the  kink  and  the  corresponding  excess  low-frequency  (LF)  noise^.  As  shown  in  Fig.  1, 
a  drastic  increase  of  the  LF  noise  is  observed  in  the  kink  region,  which  is  particularly 
im^rtant  at  lower  frequencies.  At  the  same  time,  a  Lorentzian  spectrum  is  observed, 
inchcating  the  Generation-Recombination  (GR)  nature  of  the  excess  noise. 

In  the  present  paper,  this  feature  is  examined  systematically  for  a  large  number  of 
SOI  MOST's,  fabricated  in  different  CMOS  technologies,  on  different  SOI  substrate 
types.  The  influence  of  various  physical  (frequency  f,  device  length  L,  the  operation 
temperature  T,  the  back-gate  bias  VbG.  etc.)  and  technological  parameters  (gate 
oxidation  temperature,  gate-oxide  thickness  tox,  etc.)  is  investigated.  A  model  will  be 
presented,  relating  the  excess  noise  amplitude  to  the  effective  density  Nx  of  GR  centres 
in  the  depletion  region  of  the  transistor,  while  the  cut-off  frequency  is  proportional  to  the 
inverse  effective  GR  lifetime  T. 


EXPERIMENTAL 

The  devices  studied  have  been  processed  in  different  SOI  technologies:  3  and  1 
|im  SOI  CMOS  on  ZMR  and  laser-recry stallized  substrates;  1  jim  SOI  CMOS  on 
SIMOX  substrates  (the  gate  oxide  thickness  tQx=20  nm;  the  film  thickness  tf=180  nm) 
and  on  0.5  |im  CMOS  SOI  on  SIMOX  material  (tQx=15  nm;  tf=l(X)  nm).  In  the  latter 
technology  also  fully  depleted  (FD)  devices  are  available  for  comparison.  In  the  1  |J.m 
technology  on  SIMOX,  various  sphts  with  different  gate-oxidation  temperature  and  edge 
isolation  technology  (LOCOS  or  MESA-LOCOS)  have  been  processed^»3. 


RESULTS 

It  has  been  previously  demonstrated  that  the  increase  in  the  noise  of  a  PD  SOI 
nMOST  at  the  kink  position  is  closely  related  to  the  injection  of  holes  in  the  floating 
film^.  This  follows  first  of  all  from  the  fact  that  when  the  film  of  the  device  is  grounded, 
no  such  effect  is  observed^ By  grounding  the  film,  most  of  the  injected  holes  are 
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drained  to  the  film  contact  and  hence  the  major  cause  of  the  GR  noise  is  removed.  By 
applying  a  positive  back-gate  (or  substrate)  bias  this  feature  is  reduced  considerably,  as 
indicated  in  Fig.  2,  while  for  a  negative  VbG»  the  LF  excess  noise  increases. 


0  12  3 

Drain  Voltage  VDS  (V) 


o 


Q 

"a 

V 

>< 


Fig.l.  Normalized  drain  current  noise  for  a  20  pm 
xl  pm  PD  SOI  nMOST,  for  three  different  f. 

Also  shown  is  the  tiansconductance  correspon¬ 
ding  with  a  fixed  IjpSO  pA. 


Fig.2.  Influence  of  the  back-gate  bias  on  the 
LF  excess  noise  in  a  20  pmxO.6  pm  PD 
SOI  nMOST  at  f=10  Hz. 


As  shown  in  previous  work,  the  noise  overshoot  generally  increases  upon 
cooling,  showing  a  maximum  at  77  K,  compared  with  room  temperature  or  4,2 
By  reducing  the  effective  length  Lgff,  the  noise-overshoot  maximum  shifts  to  a  lower 

drain  voltage  (VdS)  position^»6  and  is  tightly  connected  to  the  saturation  voltage 
VdsSAT  (FiS-  ^)*  The  noise  overshoot  amplitude  is  proportional  to  1/f  (see  e.g.  Fig.  1) 


Fig.3,  The  noise  overshoot  position  as  a  function 
of  the  effective  device  length,  for  f=10.1  Hz,  Also 
shown  is  the  calculated  saturation  voItageV^SS^'p. 
The  Ij)=50  pA;  the  device  width  is  20  pm. 


Fig.4.  Dependence  of  the  noise  overshoot  am¬ 
plitude  on  Lgff  and  f,  for  a  set  of  W=20  pm 
PD  SOI  nMOST’s.  1^=50  pA. 


and  to  l/L^ff  (Fig.  4).  Furthermore,  it  has  been  shown  recently  that  the  noise  overshoot 
amplitude  is  little  affected  by  ionizing  radiation,  which  seriously  degrades  the  interface- 
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related  LF  noise  behaviour^’^. 

Note  finally  that  in  fully  depleted  devices  both  the  drain-cmrcnt  kink  and  the  noise 
overshoot  disappear,  except  when  a  sufficiently  negative  back-gate  bias  is  applied, 
which  sets  the  back-interface  in  accumulation.  In  that  case  -  and  particularly  at  77  K  -  a 
noise  overshoot  may  be  noted  again.  From  all  these  arguments,  it  is  inferred  that  the 
noise  overshoot  in  SOI  MOST's  is  related  to  the  injection  of  majority  carriers  in  the  film, 
where  they  interact  with  defect  centres. 

As  demonstrated  before^"^,  a  clear  impact  of  the  local  film  defectiveness  exists  on 
the  excess-noise  amplitude.  In  general,  the  noise  peak  at  300  K  is  larger  for  SIMOX 
substrates,  than  for  ZMR  or  laser-recrystallized  SOI  substrates.  On  the  o±er  hand,  there 
is  little  influence  of  the  gate-oxidation  temperature,  or  of  the  isolation  technology 
(LOCOS,  MESA-LOCOS)  on  the  excess-noise  behaviour^.  Finally,  the  LF  noise- 
overshoot  amplitude  scales  proportionally  with  the  oxide  thickness. 


MODEL 

A  model  for  the  LF  noise  overshoot  in  PD  SOI  MOSTs  should  at  least  include  the 
close  relationship  which  exists  with  the  multiplication  current  and  should  in  some  way 
or  another  relate  the  excess-noise  amplitude  to  the  density  of  GR  centres  in  part  of  the 
depletion  region.  For  that  purpose,  a  model  earlier  proposed  for  the  kink-related  noise  in 
bulk  and  SOI  transistors  at  liquid  helium  temperatures^^S  is  adapted.  The  basic  features 
are  schematically  represent^  in  Fig.  5,  whereby  the  approach,  proposed  in^»10  is 
followed.  Only  these  GR  centers  will  contribute  to  the  excess  noise  which  correspond 

with  a  value  of  the  GR  time  constant  z  which  is  close  to  the  cut-off  time  constant  l/7cf. 
This  yields  an  expression  of  the  form: 

Sid  q^Nxwd  _ 4 _ 


Ip  Cpx  WL  (tc  +  te)  [(-  +  +  (23cO^] 


(1) 


Hereby  is  Sjd  the  drain-current  noise  spectral  density;  Ip)  the  drain  current;  gm  the 
transconductance;  q  the  electronic  charge;  Nx  the  trap  density;  WL  the  device  area;  Cqx 
the  front  oxide  capacitance  per  unit  area  and  wj  the  effective  width  where  the  trap 
centres  contribute  significantly  to  the  GR  noise.  This  is  a  re^on  delineated  schematically 
by  the  Lorentzian  function  in  Fig.  5,  around  the  crossing  point 

The  next  step  is  to  relate  the  capture  (Tc)  and  the  emission  time  constant  (Xe)  to  the 
multiplication  current  l^.As  for  the  noise-overshoot  model  at  cryogenic  temperatures^, 
it  is  again  assumed  that  the  effective  GR  time  constant  is  inversely  proportional  to  Ij^: 


As  shown  previously  the  peak-maximum  is  found  for  ZQ=ZQ=1/Kf.  Filling  in  this 
value  in  eqs.  (l)-(2)  yields  for  the  noise  overshoot  amplitude  the  following  expression: 

_  2  q^Nxwd  1  ,,, 

ASiDnnax-gm^^^^4„f  (3) 

Note  first  of  all  that  eq.  (3)  correctly  reproduces  the  experimental  length  dependence 
reported  in  Fig.  4.  Furthermore,  filling  in  reasonable  estimates  for  w^j,  acceptable  values 


(2) 
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for  Nj  can  be  derived,  as  shown  elsewhere^»^,  so  that  the  feature  lends  itself  for 
material  characterization  purposes.  Filling  in  the  standard  expression  for  enables  to 
accurately  fit  the  data^,  as  in  Fig.  6. 

CONCLUSIONS 

From  the  foregoing,  it  is  concluded  that  the  noise  overshoot  can  be  used  to 
evaluate  the  quality  (or  the  defectiveness)  of  the  SOI  film.  Given  the  frequency 
dependence  of  the  noise  overshoot,  there  is  a  spectroscopic  potential,  i,e.  it  is  in 
principle  possible  to  extract  the  trap  parameters,  i.e.  the  energy  level  in  the  band-gap  and 
the  hole  capture  cross  section. 


Gate 


U.O  0.5  1.0  1.5  2.0 

Drain  Voltage  VDS  (V) 


Fig.5.  Schemarical  representation  of  the  kink- 
related  GR  noise  mechanism.  Only  traps  in  the 
neighbouriiood  of  the  intercept  between  the 
Fermi  level  Ep  and  the  trap  level  Ex  contribute 
to  the  noise. 


Fig.6.  Fit  of  the  model  to  the  experimental  noise 
overshoot,  for  f=10.1Hz  and  Id=50  |iA.  WxL  = 
20  pmxl  pm. 
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ABSTRACT 

Qianncl  noise  of  MOS  integrated  tetrodes  is  investigated  versus  frequency  and  bias. 
The  behaviour  is  analysed  in  the  four  operation  modes  taking  into  account  the  variations  of 
the  small  signal  parameters.  Voltage-gain  and  noise  figure  arc  simultaneously  mcasurcd.  Tlie 
two  inputs  are  investigated.  Experimental  results  and  tlieir  interpretations  lead  to  the  bias 
range  giving  the  best  compromise  between  high  voltage-gain  and  low  noise  figure. 

INTRODUCTION 

Because  of  their  integrated  cascode  configuration  MOS  tetrodes  are  particulary 
attractive  for  R.F  amplification,  automatic  gain  control,  mixer  applications  ... 

The  noise  takes  a  predominant  part  in  these  linear  and  non  linear  applications  and 

previous  papers have  studied  its  behaviour  in  the  high  frequency  range.  As  MOS 
transistors  exhibit  high  noise  levels  at  low  frequency  (1/f  noise)  we  have  carried  out  a  noise 
study  of  MOS  integrated  tetrodes  up  to  100  KHz.  From  small  signal  properties  of  the 
device,  noise  equivalent  circuits  have  been  developpcd  to  analyze  the  channel  noise  and  the 
noise  figure  behaviour. 


TETRODE  MODEL 


G2 


X32S 


D=d2 


T2 


G1 


dps^ 


T1 


rois 


S=si 


figure  1 


'  The  MOS  tetrode  can  be  described  by  two  MOS 

transistors  (T1  and  T2)  in  a  series  configuration  (see 
fig  1).  Since  the  two  gates  Gi  and  G2  can  be  biased 
independently,  four  conditions  of  operation  can  arise 
^DS  where  each  traasistor  can  be  saturated  (Pentode  mode 
:  P)  or  non  saturated  (Triode  mode  :  T).  The  small 
signal  behaviour  of  the  tetrode  can  be  obtained  with 
the  help  of  the  low  frequency  equivalent  circuit  of 
each  transistor.  The  conductance  Gp)  and  the 
transconductances  Gj^h  and  Gj42  t>e  expressed 
as : 


gdl  gd2 

^  gdl+gd2+gm2 


^  _  gml(gm2+gd2) 

gdl+gd2+gm2 


Gm2  = 


gm2  gdl 
gdl+gd2+gm2 


(1) 


where  the  small  symbols  arc  related  to  elementary  transistors  (T1  or  T2)  by  the 
subscripts  (1  or  2).  The  subscripts  of  capital  symbols  indicate  the  active  input  of  the  tetrode. 

Then  the  voltage  gain  of  the  device  can  be  calculated  taking  into  account  an  external 
load  resistance  Rl-  We  obtain  : 

Gmi  Rt 

Gyj  =  -  j  ^  G0Rl  J  =  ^  or2  (2) 

The  noise  equivalent  circuit  of  the  tetrode  is  obtained  by  adding  a  noise  current 
generator  between  drain  and  source  of  each  elementary  transistor.  The  spectral  densities 
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Sici(f)  and  Sic2(0  of  Ifiese  generators  take  into  account  thermal  noise  and  1/f  noise  which  is 
the  main  noise  source  at  low  frequencies. 

Using  equations  (1)  classical  noise  developpements  lead  to  the  channel  noise  spectral 
density  SjxCf)  of  the  teti^e : 


%(0  =  (  g^)^Sici(0+( 


gm2 


)2Sic2(f) 


(3) 


When  T1  is  saturated  (g^j  and  Gm2  ^  0  )  the  tetrode  noise  is  only  due  to  this 
transistor.  Equation  (3)  shows  that  the  noise  of  the  tetrode  can  be  represented  by  two  noise 
voltage  generators  located  at  the  inputs  of  the  device.  Their  spectral  densities  are  respectively 

SvGlW=Sicl (O/gml^  2nd  SvG2(f)=Sic2(0/gm2^' 

The  noise  figure  of  the  tetrode  used  as  an  amplifier  can  be  expressed  as  : 

^  ^  4kTRg  j  indicates  the  active  input .  Rg  is  the  input  load  resistance. 


EXPERIMENTAL  RESULTS 

Measurements  have  been  performed  on  N  channel  BF982  MOS  tetrodes  produced 
by  RTC.  The  active  dimensions  of  each  transistor  are  2000  *  4  pm^  .  The  threshold  voltage 
is  Vt  =  -  0.78  V.  I-V  characteristics  and  small  signal  parameters  are  obtained  with  the  HP 
4142B  measurement  system  .  Noise  measurements  are  performed  with  the  help  of  low  noise 
Brookdeal  5004  amplifiers  and  an  HP  3562A  EFT  analyser.  The  HP  3562A  has  been  also 
used  for  voltage-gain  measurements. 

The  transoonductances  behaviour  versus  the  tetrode  polarization  has  been  studied 
because  of  tlieir  influences  on  the  voltage-gain  and  the  noise  figure.  Typical  variations  are 
shown  in  figures  2a  and  2b  for  Vpg  =  8  V  (saturation  of  the  I-V  characteristics).  Similar 
plots  are  obtained  in  the  ohmic  range.  Maxima  values  are  obtained  when  the  transition 
between  the  P-P  and  T-P  modes  or  between  the  P-T  and  T-T  modes  occur.  values  are 
higher  than  Gf42  c>nes  because  in  this  configuration  T1  acts  as  a  load  located  in  the  source 
of  T2  and  induces  a  feedback. 


Channel  noise  measurements  have  been  performed  versus  frequency  at  various  bias 
points  of  the  tetrode.  1/f  noise  is  dominant.  The  variations  of  current  spectri  density  versus 
Id  are  reported  figures  3a  and  b  respectively  in  the  ohmic  and  saturated  ranges.  When  Id  (or 
Vgis)  increases  the  channel  noise  reaches  a  maximum  value,  decreases  and  increases  again. 

Voltage-gain  and  noise  figure  have  been  measured  versus  frequency  for  various 
quiescent  points.  The  noise  figure  versus  frequency  exhibits  1/f  law  and  F-1  varies  as  1/Rg, 
showing  that  only  the  channel  noise  is  involved  in  the  noise  figure  measurements  at  low 
frequencies.  Figures  4  and  5  show  typical  results  obtained  with  Gi  or  G2  as  active  input. 


400  Channel  Noise  and  Noise  Figure  of  M.O.S.  Integrated  Tetrodes 


INTERPRETATIONS 

When  T1  is  saturated  (P-T  mode  at  low  drain  bias  or  P-P  mode  at  high  drain  bias) 

Id  =  KVgi*2/2  (with  Wq*  in  place  of  Vgs-Vt).  From  eq(l)  G^i  =gmb  Gm2  =  0  and 

from  equation  (3)  SijCO  =  Sj[cl(f).  As  SjxCf)  cxliibits  1/f  noise  we  can  write^A 
Sicl(0  =  0({)  Id  "^0  /  f  where  cxq  is  a  characteristic  parameter  of  1/f  noise  and  Vq  =Vdis. 

Since  T1  is  saturated  Vq  =  Vqi*  and  SjxCO  =  X  T  ^Gl*^  =  X 

From  Me  Whorter’s  model^  oq  varies  as  I/Vqj*  and  SjqXf)  as  Vq!*^  or  as  Ij). 

When  T1  is  non  saturated  the  tetrode  channel  noise  can  be  expressed  in  the  T-T 
mode  (low  drain  bias)  as  : 

SiT<0  =  T ‘‘(^01*^0- 

and  in  the  T-P  mode  (high  drain  bias)  as  : 

2  2 

SiT(f)  =  ^  2  CVg2*  -  Vo)2  {Vo  XX 

Where  a  =  (Vgi*  -  Vo)/(Vg2*  -  Vq)  Gmi/ gml  =  1/(1  +  a)  Gmt/  gm2  =  a/d  +  a) 

Equations  (6)  and  (7)  allow  us  to  analyse  the  shape  of  the  curves  obtained  in  figures  3a 
and  3b.  The  maximum  value  lakes  place  at  the  transition  of  the  two  involved  modes  and  the 
minimum  value  is  due  to  1/f  noise  of  T1  and  T2  balanced  by  (1  -  a^)/(l  +  a)^  and  a^/(l  +  a)^ 
terms  which  vary  also  with  the  bias^. 

In  saturation  range,  when  G1  is  the  active  input  the  gain  voltage  reaches  its  maximum 
value  during  the  P-P  to  T-P  mode  transition  as  Gmi  (sec  fig.  4a).  F  follows  tlie  variations  of 
Gmi  and  SiT(f)-  It  is  an  increasing  function  of  Vgis  Fut  is  roughly  constant  when  Gyi  is 
maximum.  At  this  point,  Gvi  and  F  remain  constant  for  large  values  of  Vg2S  (see  fig.  4b)  but 
arc  damaged  for  low  G2  biases. 

When  G2  is  the  active  input  Gv2  is  lower  because  the  feedback  due  to  Tl.  In  the  T-P 
mode  tliis  feedback  decreases  since  Tl  is  no  longer  saturated  and  Gv2  increases  with  Vgis- 
Tlie  noise  figure  is  a  decreasing  fimetion  of  Vqis  Fut  keeps  a  high  value  when  Tl  is  saturated 
(see  fig.  5a).  For  a  given  Vgis  Fias  it  is  possiFle  to  oFtain  simultaneously  high  voltage-gain 
and  low  noise  figure  by  convenient  values  of  Vg2S  (see  fig.  5b). 

In  the  ohmic  range  where  the  P-T  and  T-T  modes  are  involved  similar  behaviours  have 
been  obtained  but  the  input  G2  exhibit  poor  noise  figure  and  voltage-gain. 

CONCLUSION 

The  low  frequency  noise  behaviour  of  the  MOS  tetrodes  has  been  investigated.  The 
contribution  of  each  transistor  to  the  channel  noise  of  the  tetrode  has  been  pointed  out  when  the 
biases  vary.  For  high  drain  currents  the  cascode  configuration  leads  to  non  expected  variations. 

The  best  compromise  between  the  voltage  gain  and  the  noise  figure  can  be  obtained 
when  G1  or  G2  are  the  active  inputs  at  high  drain  bias. 
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a)  Versus  Vqis  b)  Versus  Vg2S 


CORRELATION  BETWEEN  1//  NOISE  (SLOW 
STATES)  AND  CHARGE  PUMPING  (FAST  STATES) 
IN  DEGRADED  MOSFET’S 

Jen-Tai  Hsu,  Xiaoyu  Li,  and  C.R.  Viswanatlian 
Department  of  Electrical  Engineering 
University  of  California 
Los  Angeles,  California  90024,  U.S.A. 

ABSTRACT 

In  this  paper,  low  frequency  noise  measurements  made  on  MOS  transistors, 
which  have  been  stressed,  is  reported.  The  devices  degraded  by  Fowler-Nordheim 
(F-N)  injection  as  well  as  by  Hot-Carrier- Injection  (HCI)  were  studied.  We  found 
that  the  Hooge’s  parameter,  which  is  directly  proportional  to  the  slow  states,  as 
determined  from  noise  measurements,  correlates  with  fast  interface  states  deter¬ 
mined  from  charge  pumping  and  subthreshold  swing  measurements. 

INTRODUCTION 

Device  degradation  study  uses  different  techniques  and  one  of  them  is  the 
low  frequency  noise  characterization  in  MOS  transistors  [1,2,3].  Charge  pumping 
current  measurement  is  also  used  sometimes  to  study  the  damage  in  these  devices 
[5].  It  is  known  that  1//  noise  is  sensitive  to  the  slow  states  at  the  interface, 
while  the  charge  pumping  current  measures  the  interface  states  that  can  respond 
at  the  gate  pulse  frequency  (fast  states).  In  this  paper,  we  report  a  correlation 
between  slow  and  fast  interface  states  on  samples  degraded  by  Fowler-Nordheim 
(F-N)  injection  and  hot-carrier  (HC)  stressing. 

EXPERIMENTAL 

MOS  transistors  fabricated  in  a  VLSI  processing  facility  were  used  in  this 
study.  The  devices  were  conventional  LDD  nMOSFET’s  with  WJ L  equal  to 
10/0. 5/im,  and  a  gate  oxide  thickness  of  12nm.  The  devices  were  subjected  to 
four  different  stressing  conditions:  positive  and  negative  Fowler-Nordheim(F-N) 
tunneling  injection,  Drain  Avalanche  Hot  Carrier  injection  (DAHC),  and  Chan¬ 
nel  Hot  Electron  injection  (CHE).  In  F-N  tunneling  injection,  a  constant  current 
density  of  ImA/cm^  was  used.  In  positive  F-N  injection  the  current  is  injected 
from  the  gate  into  the  oxide  while  in  negative  F-N  injection  the  current  is  of  op¬ 
posite  polarity.  The  DAHC  injection  was  performed  with  Vd  equal  to  8U,  and 
Vg  equal  to  Ui/2;  while  in  the  CHE  injection,  the  stress  condition  corresponded 
io  Vd  —  Vg  =  7.5U.  In  order  to  make  a  meaningful  comparison  among  different 
degradations,  the  observed  decrease  in  the  peak  transconductance  g^rl  was  kept  the 
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same  by  adjusting  the  stress  time  in  each  type  of  stress.  In  each  stress  condition, 
the  low  frequency  noise  was  measured  in  the  linear  region  with  a  drain  voltage 
of  0.5V.  The  noise  measurements  were  performed  using  a  custom  made  low  noise 
amplifier  and  HP3561A  dynamic  signal  analyzer  [4].  The  charge  pumping  tech¬ 
nique  that  we  used  in  this  study  is  the  constant  pulse  height  with  varying  gate 
base  level  as  in  [5].  The  frequency  of  the  pulse  was  kept  at  lOOKHz  and  pulse 
height  was  4V  with  a  duty-cycle  of  50  %. 

RESULTS  AND  DISCUSSION 


The  input  referred  noise  spectra  measured  with  various  gate  voltages  is  shown 
in  Fig.l  for  the  virgin  device  and  in  Fig. 2  for  the  DAHC  degraded  devices.  The 


Frequency  (KHz) 

Figure  1:  Plot  of  the  input  referred 
noise  spectra  with  different  gate  volt¬ 
ages  for  virgin  devices. 


Frequency  (KHz) 

Figure  2:  Plot  of  the  input  referred 
noise  spectra  with  different  gate  volt¬ 
ages  for  the  DAHC  degraded  device. 


noise  in  the  virgin  sample  increases  with  Vg  —  Vr.  A  gate  voltage  dependence  is  ob¬ 
served  suggesting  that  the  mobility  fluctuation  is  the  dominant  noise  mechanism. 
In  the  DAHC  degraded  sample,  the  noise  increases  significantly  with  Vg  —  Vr.  The 
noise  increases  by  nearly  a  factor  of  30  from  its  value  at  Vg  ~  —  IV,  Such  a 

pronounced  increase  in  the  noise  with  Vg  —  Vr  was  not  observed  in  samples  de¬ 
graded  by  F-N  injection.  In  Fig. 3,  the  input  referred  noise  for  the  virgin  and  for 
the  four  different  degraded  devices  is  shown  under  same  bias  conditions.  It  is  seen 
that  DAHC  produces  the  largest  increase  in  low  frequency  noise  in  comparison 
with  the  other  three  stress  conditions.  The  spot  noise  measured  at  1  KHz  for  a 
gate  voltage  of  2  volts  above  the  threshold  is  given  in  Table  1  for  the  virgin  and 
stressed  samples.  The  input-referred  noise  of  MOSFET’s  operating  in  the  linear 
region  can  be  expressed  as  [6]: 

where  Svg  is  the  input  referred  noise,  and  an  is  the  Hooge’s  parameter.  Hooge’s 
parameter  (an)  is  largest  for  DAHC  degraded  samples  as  shown  in  Table  1.  The 
results  of  charge  pumping  current  measurements  are  shown  in  Fig. 4  for  the  stressed 
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and  virgin  samples.  We  can  extract  the  fast  interface  state  density  from  charge 
pumping  using  the  expression 

Icp  =  fq^WLDuAi^s  (2) 


where  gAips  is  the  region  of  the  bandgap  over  which  the  interface  states  are  mea¬ 
sured  and  Dit  is  the  average  interface  state  density  over  this  energy  range. 
Subthreshold  swing  was  also  measured  for  these  devices  and  the  interface  state 
density  is  obtained  by  the  change  in  the  subthreshold  swing  from  the  virgin  sam¬ 
ple. 

kTqADit 


AS  = 


q  Cox 


InlO 


(3) 


Parameters 

Virgin 

CHE 

DAHC 

FN(-) 

fN{+) 

Sv,(VyHz) 
{lKHz,V,-V,  =  2V) 

1.3  X  10-^2 

1.9  X  10-12 

7.8  X  10-12 

2.9  X  10-12 

2.6  X  10-12 

QH 

6.3  X  10-5 

1.3  X  10-^ 

1.1  X  10-3 

1.5  X  10-^ 

8.5  X  10-5 

A,(l/cm"eV) 
(from  charge  pumping) 

3.7  X  10^0 

2.6  X  lOii 

7.8  X  1011 

2.3  X  IQii 

4.6  X  1011 

ADit{l/c7n'^eV) 
(from  AS”) 

0 

1.1  X  IQii 

2.3  X  1011 

7.7  X  lOio 

1.5  X  1011 

Table  1  :  List  of  input  referred  noise  spectra,  Hoodge’s  parameter  (a//)  and  fast 
interface  trap  density  calculated  from  Iqp  and  AS  for  virgin  and  four  different 
degraded  devices. 

Table  1  lists  the  results  obtained  from  the  noise  measurements  in  comparison 
with  those  obtained  in  charge  pumping  and  subthreshold  swing  measurements. 
The  fast  interface  trap  density  extracted  from  both  charge  pumping  and  sub¬ 
threshold  swing  techniques  shows  good  correlation  with  the  noise  measurements 
among  all  samples,  except  for  the  negative  F-N  injection.  The  devices  degraded 
by  negative  F-N  injection  have  larger  1//  noise  but  lower  charge  pumping  current 
and  lower  subthreshold  swing  change  than  the  devices  degraded  by  positive  F-N 
injection.  This  result  suggests  that  negative  gate  F-N  injection,  when  compared 
with  positive  gate  F-N  injection,  creates  more  slow  states  than  fast  interface  states. 
During  the  negative  F-N  injection,  hole  traps  are  created  by  the  electrons  injected 
from  the  gate.  The  trapped  holes  give  rise  to  a  strong  local  electric  field  which 
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Frequency  (KHz) 

Figure  3:  Plot  of  the  input  referred 
noise  spectra  for  virgin  and  four  differ¬ 
ent  degraded  devices  under  the  same 
bias  condition  [Vg  —  V^  —  SV). 


Gate  pulse  base  level  (V) 

Figure  4:  Plot  of  the  charge  pumping 
current  for  virgin  and  four  different  de¬ 
graded  devices. 


may  modify  the  energy  or  the  capture  cross  section  of  nearby  defects  [7]  causing 
slow  states  that  interact  with  the  channel  current.  This  can  also  be  explained  by 
the  larger  hysteresis  observed  immediately  after  negative  gate  F-N  than  positive 
gate  F-N  injection.  Hence  the  negative  F-N  injection  results  in  a  higher  low  fre¬ 
quency  noise.  However,  the  DAHC  degradation,  in  which  most  traps  generated 
are  interface  type,  is  different  from  the  F-N  injection  where  both  oxide  and  in¬ 
terface  traps  are  generated.  This  explains  why  in  DAHC  degradation,  both  slow 
interface  traps  measured  from  1  //  noise,  and  fast  interface  traps  measured  from 
charge  pumping  are  the  largest  among  the  four  degraded  devices. 

CONCLUSION 

In  conclusion,  we  performed  both  1//  noise  and  charge  pumping  techniques 
to  report  a  correlation  between  slow  and  fast  interface  states  on  the  MOSFET’s 
degraded  by  F-N  and  HC  injection.  More  slow  states  appear  to  be  generated  in 
negative  gate  F-N  than  in  positive  gate  F-N  injection  .  DAHC  degradation  causes 
the  largest  1//  noise  and  charge  pumping  current. 
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PHOTO  DETECTORS  APPROACHING 
IDEAL  AMPLIFICATION 


R.  P.  Jindal 

AT&T  Bell  Laboratories,  Whippany,  New  Jersey  07981 
ABSTRACT 

Progress  in  the  understanding  of  how  to  design  high  performance  photo  detectors  will  be 
described.  The  interplay  between  the  evolution  of  new  concepts,  material  limitations  and 
performance  requirements  will  be  elucidated.  Directions  for  future  growth  in  this  field  will  also  be 
highlighted. 


INTRODUCTION 

Recovery  of  information,  whether  it  be  in  the  form  of  receiving  data  at  the  destination  of  a 
communication  link  or  the  measured  output  of  an  experiment,  is  intimately  tied  to  the  fundamental 
problem  of  extracting  a  weak  signals  embedded  in  fluctuations.  The  fundamental  component  of  any 
such  detection/measurement  process  involves  the  amplification  and  detection  of  the  quantity  of 
interest.  Amplification  is  necessary  to  preserve  the  signal  to  noise  ratio  at  the  detection  point. 
However,  every  amplification  process  results  in  some  degradation  of  the  signal  to  noise  ratio. 
Although  as  a  fundamental  problem  this  issue  has  been  examined  over  several  decades,  now  due  to 
its  technological  importance,  it  has  enjoyed  considerable  attention  over  the  past  10  years.  The 
purpose  of  this  work  is  to  ^discuss  the  concepts  that  have  been  conceived  over  the  last  fifty  some 
years  for  the  design  and  development  of  photo  detectors  to  achieve  near  ideal  amplification. 

PHOTO  DETECTOR  CLASSIFICATION 

Based  on  their  mode  of  operation,  independent  of  the  technology  used  for  fabrication,  photo 
detectors  can  be  classified  into  two  broad  categories.  In  a  photo  conductive  detector  the  effect  of 
incident  photons  is  the  modulation  of  device  impedance.  The  photo  voltaic  type  of  detectors  respond 
to  the  incident  light  by  the  generation  of  a  voltage  across  their  terminals.  Both  types  are  extensively 
used  in  a  variety  of  applications  depending  upon,  among  other  factors,  their  speed  and  noise 
performance.  Detectors  with  built  in  amplification  such  as  photo  transistors  and  avalanche  detectors 
use  one  of  the  above  principles  for  detection  followed  by  amplification.  This  amplification  is 
achieved  by  conventional  device  action  observed  in  field  effect  and  bipolar  devices  or  through  carrier 
multiplication.  The  overall  performance  of  amplifying  detectors  is  effected  by  the  noise  generated 
both  during  the  detection  and  the  amplification  process. 

GENERAL  MULTIPLICATION  NOISE  THEORY  ‘ 

The  response  of  a  device  to  individual  photons  of  light  is  highly  dependent  upon  the  physical 
properties  of  the  medium  including  its  band  structure,  physical  size  and  the  carrier  species  taking 
part  in  the  process.  As  will  be  explained  later,  the  gain  and  the  fluctuations  in  the  gain  generated  by 
this  response  are  further  dependent  upon  the  mode  in  which  the  device  is  operated.  In  general,  the 
device  response  can  be  either  highly  localized  in  time  with  respect  to  the  input  or  be  distributed  over 
a  relatively  large  period.  According  to  the  classical  school  of  thought,  it  was  usually  suspected  that 
the  later  case  was  not  very  useful  since  the  signal  characteristics  will  be  smeared  out  in  time.  It  will 
be  shown  that  this  is  really  not  the  case. 
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Photons 


Fig.  1  Model  of  a  photo  detector 
Then  mathematically  speaking. 


Let  us  analyze  the  following  situation.  Consider 
a  photo  detector  as  shown  on  the  left 
represented  by  a  black  box.  Photons 
constituting  the  light  signal  are  incident  upon 
this  detector  at  random  instants  of  time 
generating  a  response  given  by  x(t).  Therefore, 
let  x(t)  be  a  random  variable  composed  of  a  sum 
of  P  primary  events  f(t)  occurring  in  time  T. 


p 

^(0  =  Z/('"4)  and 


xit)=arf{i)dt 

J-OO 


(1) 


where  a  is  the  average  rate  of  occurrence  of  the  events  f(t)  and  is  given  by  lim  —  .  Now  let  each 

event  f(t)  be  composed  of  M  subevents  g(t)  where  M  is  a  random  variable.  Physically  this  would 
correspond  to  the  gain  exhibited  by  the  device.  Then  it  can  be  shown*  that  the  spectral  density  of  the 
variable  x(t)  is  given  by 


S,(co)  =  2a\G(jo))^. 

__  M 
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>  + 
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Here  Atj.g  is  the  temporal  separation  of  subevents  r  and  s  and  Atj.  is  the  delay  between  the  primary 
event  and  the  rth  subevent.  Note  that  so  far  we  have  made  no  assumptions  about  the  statistics  of  the 
input  to  the  detector.  This  expression  has  two  interesting  limits  which  we  shall  refer  to  as  the 
classical  (deterministic)  limit  and  the  new  (random)  limit. 

Deterministic  Limit:  Assume  that  the  subevents  are  spaced  in  time  such  that  o)MAtj.g  <  <  1. 
Under  these  conditions  the  above  expression  reduces  to 


S,{(o)  =  la\G{jo})^  var(M)  +  m'  S^{a) 


(3) 


This  expression  has  a  simple  interpretation  that  the  total  fluctuation  in  the  output  is  a  sum  of  two 
terms.  The  first  term  is  proportional  to  the  fluctuations  associated  with  the  gain  process  var(M) 
while  the  second  term  is  nothing  but  the  amplified  input  noise.  This  expression  was  first  derived  by 
Shockley  et  aP  in  1938.  To  completely  predict  the  behavior  for  a  specific  device  one  now  has  to 
evaluate  M  and  var(M). 

Random  Limit:  Assume  that  Atj.g  and  Atj.  are  random  variables  distributed  uniformly  in  time 
over  a  time  interval  Xp.  Then  for  a  measurement  time  T  >  >  Xp  the  randomness  does  not  manifest 
itself  since  the  subevents  will  appear  instantaneous  and  hence  we  recover  (3).  However,  in  the 
reverse  situation  where  Xp  >  >  T  the  randomness  will  exhibit  itself.  In  this  case  the  three  averages 
in  (2)  vanish  giving 


S^{co)  =  2a\G(jco)\^  M 


(4) 


R.  P.  Jindal  411 


In  this  limit  the  fluctuations  are  independent  of  var(M)  and  are  equivalent  to  shot  noise  generated  by 
a  process  occurring  at  an  average  rate  (xK4 ,  Under  the  condition  T^OC  »  1  the  physical  situation 

corresponds  precisely  to  this  description.  This  is  analogous  to  the  idea  of  cutting  apart  clustered 
events  for  short  measurement  times  and  recovering  a  Poisson  process  which,  for  a  shot-noise-driven 
doubly  stochastic  process,  has  been  proved  by  Saleh  and  Teich^.  The  implications  of  these  results 
will  be  discussed  later  in  detail. 

We  shall  next  discuss  photo  detector  research  under  the  two  broad  categories  summarized  above. 

DETECTOR  RESEARCH  IN  THE  DETERMINISTIC  LIMIT 

Van  Vliet  et  al^’^  have  presented  a  general  theory  of  carrier  multiplication  noise,  in  what  turns 
out  to  be  the  deterministic  regime,  encompassing  and  extending  the  previous  work  of  Tager^, 
McIntyre^  and  Personick^  and  Lukas2Kk  et  al^.  This  theory  deals  with  both  situations  when  either  a 
single  carrier  species  (  either  electrons  or  holes)  or  both  carrier  types  take  part  in  the  multiplication 
process.  Let  N  be  the  number  of  possible  ionizing  collisions  per  primary  carrier  transiting  through 
the  device.  Then  for  the  case  when  N  approaches  infinity  this  theory  recovers  McIntyre's^  results. 
In  this  regime  one  effectively  ignores  the  threshold  of  energy  needed  for  a  pair  production  and  hence 
the  probability  of  ionization  is  a  continuous  function  of  the  distance  traveled  by  the  ionizing  carrier. 
This  turns  out  to  be  a  very  good  approximation  when  device  dimensions  are  very  large  compared  to 
the  mean  free  path  between  two  ionizing  collisions  of  the  ionizing  carrier.  We  shall  refer  to  this  as 
the  Infinite  Medium  Avalanching.  For  electron  initiated  avalanche  process,  the  above  theory  gives 

var(A/)  =  M(M-l)  +  l:(w-lfM  (5) 

where  k  =  p/a  p  and  a  are  the  ionization  probabilities  per  unit  length  for  the  holes  and  electrons 
respectively.  This  formula  has  been  used  very  successfully  to  explain  the  noise  behavior  of  avalanche 
photo  detectors  where  the  ionizing  region  is  large  compared  to  the  carrier  mean  free  path.  The  above 
formula  also  gives  rise  to  the  conventional  wisdom  that  to  achieve  low  noise  amplification  one  must 
use  materials  which  have  highly  asymmetric  electron  to  hole  ionization  ratios.  Also,  the  avalanche 
process  must  be  initiated  by  the  more  strongly  ionizing  species.  The  best  performance  that  one  can 
obtain  in  this  case  is  given  for  the  case  when  k=0  when  one  is  left  with  only  the  first  term  in  (5). 
Physically  this  implies  that  the  ionization  should  be  initiated  by  the  most  ionizing  species  and  that 
the  relative  ionizing  power  of  the  other  carrier  species  should  approach  zero. 

For  the  case  when  N  approaches  unity  the  theory  recovers  the  results  obtained  by  Lukaszek  and 
van  der  Ziel  and  Chenette^.  We  shall  refer  to  this  as  Finite  Medium  Avalanching^^.  In  this  case  we 
get 


var(M)  =  m[m 


l)  1  + 


2{n-X)  1 

(1-h  A)(l+/i)^ 


(6) 


Here  p  and  1  are  the  a  priori  probabilities  of  ionization  by  a  hole  and  by  an  electron  respectively  for 
one  traversal  of  the  ionizing  region.  This  expression  is  again  for  an  electron  initiated  process.  This 
regime  of  device  design  has  three  interesting  cases. 

Case  I:  Consider  the  case  when  the  probability  of  ionization  by  the  primary  (avalanche  initiating) 
species  i.e.  electron  in  this  case  approaches  unity.  (  A  — >  1).  Then  (6)  reduces  to 


_ 2 

var(A/)  =  M 


(7) 
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The  variance  is  therefore  better  than  the  best  result  obtainable  for  A  ^  oo  case. 

Case  II:  Next  we  consider  the  case  when  electrons  and  holes  ionize  equally.  X).  Then  (6) 

reduces  to 


var(M)  =  M(M-l) 


(8) 


The  variance  is  now  identical  to  that  for  the  best  result  obtained  for  the  infinite  medium  case. 

Case  III:  Finally  consider  the  case  when  the  probability  of  ionization  by  the  secondary  species 
i.e.  holes  in  this  case  approaches  unity.  (  }i  — >  1).  Then  (6)  reduces  to 


var(M)  =  ^ 


1 


(9) 


The  variance  is  slightly  larger  than  the  best  A  — >  oo  case. 

It  is  therefore  observed  that  the  performance  for  the  finite  medium  avalanching  are  close  to  the 
best  results  obtainable  from  the  infinite  medium  avalanching. 

Apart  from  the  work  of  van  Vliet'^’^  several  others  authors^^’*  ^have  later  presented  unifying 
formulations  for  calculating  the  gain  and  its  variance  in  multiple  device  structures  with  their 
respective  strong  points  and  limitations  and  hence  preferable  for  specific  situations. 


DETECTOR  DESIGN  BASED  ON  INFINITE  MEDIUM  AVALANCHING 

Almost  all  of  the  detector  device  research  has  been  solely  targeted  to  follow  the  road  chartered  by 
the  infinite  medium  theory.  In  pursuing  this  design  philosophy  two  constraints  have  to  be  satisfied. 
The  first  constraint  is  that  the  carrier  multiplication  process  has  be  initiated  by  the  carrier  species 
with  higher  ionizing  power.  This  is  easily  arranged.  The  second  constraint  to  be  met  is  that  the 
ionizing  power  of  the  two  carrier  species  i.e.  holes  and  electrons  should  be  vastly  different.  This  is 
naturally  satisfied  in  the  case  of  silicon.  Consistent  with  this,  high  performance  silicon  photo 
detectors  have  been  realized  albeit  operating  at  short  wavelengths.  For  longer  wave  lengths  (  1.3  - 
1.5  pm)  where  the  coupling  efficiency  of  silicon  is  poor  one  must  work  with  compound 
semiconductor  material  systems  which  have  a  higher  coupling  efficiency  due  to  their  narrower  band 
gap.  However,  these  material  systems  have  electron  to  hole  ionization  ratios  close  to  unity  which  is 
detrimental  to  the  noise  performance. 

The  key  to  getting  around  this  problem  is  to  realize  that  even  though  the  ionization  coefficients 
of  electrons  and  holes  may  be  equal  for  a  uniform  band  structure  device  the  situation  may  be  entirely 
different  for  a  device  involving  layered  structures  and  band  discontinuities.  The  role  of  using  band 
discontinuities  to  provide  enhanced  ionization  was  first  pointed  out  by  Chin  et  al.^^  This  same 
concept  was  further  developed  to  provide  enhanced  orderly  ionization  in  the  proposal  for  the 
staircase  photo  diode^^.  However  clear  successful  demonstrations  of  such  devices  have  yet  to  be 
made.  Part  of  the  problem  lies  in  the  complex  processing  that  is  required  to  make  these  device 
structures  which  require  extreme  uniformities  and  control  during  the  fabrication  process. 

DETECTOR  DESIGN  BASED  ON  FINITE  MEDIUM  AVALANCHING 

Although  the  first  experimental  evidence  of  this  phenomena  was  observed  by  Jindal*'^’^^  as  early  as 
1983,  the  suggestion  to  use  this  effect  for  high  performance  detector  design  was  made  later  by 
Jindal^*^  and  Hollenhorst^^.  However,  even  since  then,  actual  device  design  and  fabrication  in  this 
area  remains  virtually  unexplored  and  holds  great  potential. 
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Although  no  specific  structures  have  been  proposed 
or  been  built  yet,  the  conceptual  basis* ^  of  such  a 
device  structure  is  described  here.  It  essentially 
consists  of  a  high  electric  field  region  defined  by  two 
planes  of  ionization  "A"  and  "B".  The  device 
operates  in  the  following  manner.  The  process  is 
initiated  by  the  generation  of  an  electron  hole  pair  by 
a  photon.  The  photo  generated  electron  travels 
through  the  high  field  region  and  generates  an 
electron  hole  pair  at  the  ionization  plane  "B".  Here, 
the  two  electrons  are  collected  and  placed  out  of 
circulation  and  it  is  the  hole  that  enters  back  the  high 
field  region.  This  hole  now  travels  back  towards 
plane  "A"  where  it  produces  another  electron  hole  pair.  Now  the  two  holes  are  collected  and  it  is  the 
electron  that  enters  the  high  field  region.  This  process  continues  till  one  of  the  carriers  fails  to 
produce  ionization.  The  total  device  gain  is  the  sum  of  all  the  pairs  generated  in  this  process.  Not 
only  do  such  devices  provide  superior  noise  performance  but  also  operate  at  lower  supply  voltages 
resulting  in  improved  reliability  and  systems  compatibility.  This  is  a  highly  desirable  feature  from 
the  systems  perspective.  Since  these  devices  require  nearly  equal  ionizing  power  from  both  carrier 
species  this  scheme  is  ideally  suited  for  long  wavelength  detectors  which,  due  to  band  gap 
restrictions  are  suited  for  compound  semiconductor  material  systems. 

DETECTOR  RESEARCH  IN  THE  RANDOM  LIMIT 

Next  we  shall  examine  the  consequences  of  the  random  limit  discussed  earlier.  This  regime  is 
radically  different  from  the  deterministic  limit  in  that  the  device  response  is  not  assumed  to  be 
instantaneous  in  relation  to  the  (photon)  input.  In  practice  this  is  always  the  case.  The  assumption  of 
instantaneous  response  is  valid  if  the  measurement  time  is  large  compared  to  the  device  response 
time.  However,  constant  migration  towards  higher  operating  speeds  prompts  us  to  not  avoiding  this 
dilenuna  by  proposing  even  higher  speed  devices  but  rather  taking  the  distributed  nature  of  the 
response  into  account  when  assessing  the  device  performance.  When  evaluating  the  detection  process 
in  this  regime  two  situations  stand  apart. 

(i)  In  the  first  situation  the  goal  is  to  accurately  measure  the  magnitude  of  a  constant  signal 
incident  on  the  device.  This  is  referred  to  as  level  detection.  Due  to  space  limitations  we  will  only 
summarize  the  results  the  details  appearing  elsewhere*^.  In  such  a  measurement  if  the  accuracy  is 
limited  by  the  finite  integrating  time  t  the  detection  system  and  not  by  the  available  measurement 
time,  one  can  use  a  random  detector  to  attain  an  arbitrary  improvement  in  the  signal-to-noise  ratio 
over  conventional  detection  techniques. 

(ii)  In  the  second  situation  the  challenge  is  to  detect  individual  pulses  of  light  making  up  the  bits 
of  information  being  transmitted  in  a  fiber  optic  communication  system.  This  is  referred  to  as  pulse 
detection.  Due  to  its  complex  nature,  this  problem  is  not  easily  amenable  to  analytical  treatment.  An 
essential  component  of  this  mode  of  operation  is  that  the  response  of  the  photo  detector  is  spread 
over  time  Xp  which  is  large  compared  to  the  measurement  time.  Using  this  scheme,  we  have  shown 
both  semi-analytically  and  numerically*^  that  the  detector  can  be  made  practically  immune  to 
fluctuations  in  the  conventional  gain  of  the  detector. 

DETECTOR  DESIGNS  BASED  ON  THE  RANDOM  LIMIT 

Although  at  first  it  seemed  almost  impossible  that  a  physical  phenomena  could  exist  which  would 
implement  random  (non  instantaneous)  multiplication,  the  first  theoretical  implementation  of  it 
proposed  by  Jindal^**  turned  out  to  be  extremely  simple.  In  fact  the  device  structure  illustrated  in 
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Fig.  2  Idealized  section  of  an  FMA  detector 
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Fig.  2  can  be  easily  operated  in  the  non  instantaneous  (random)  mode.  To  achieve  this  mode  of 
operation  one  would  have  to  operate  under  the  physical  situation  where  the  probability  of  ionization 
by  both  the  electron  and  the  hole  approached  unity.  Then  this  multi  step  process  of  ionization  would 
continue  generating  the  non  instantaneous  response  distributed  in  time.  When  operating  this  detector 
in  the  non  instantaneous  mode  one  would  terminate  this  response  after  a  fixed  measurement  time 
such  as  the  time  slot  assigned  to  a  bit  in  a  fiber  optic  data  stream.  Assuming  full  shot  noise 
associated  with  the  incident  optical  signal,  when  operated  in  the  classical  (deterministic  mode),  this 
finite  medium  avalanching  device  provides  noise  performance  3  dB  below  the  ideal  limit.  Since  the 
electrons  and  holes  ionize  equally  the  situation  is  naturally  compatible  with  materials  used  for 
implementing  long  wavelength  detectors  where  the  electron  to  hole  ionization  ratio  is  close  to  unity. 
Operated  in  the  non  instantaneous  (random)  mode,  this  device  can  bridge  the  last  3dB  gap  to 
approach  the  ideal  limit  of  noise  free  amplification.  Excellent  noise  performance  coupled  with  this 
dual  mode  of  operation  makes  this  device  specially  attractive  for  light  wave  system  applications. 

It  was  later  realized  that  this  non  instantaneous  mode  of  operation  had  very  general  applicability 
and  could  be  applied  to  conventional  devices^^  and  hence  improve  their  performance  as  well. 

CONCLUSIONS 

Error  free  conversion  of  signals  from  the  optical  to  the  electronic  domain  will  continue  to  be  an 
important  focus  for  future  device  research.  This  will  be  true  in  spite  of  the  emphasis  on  all  optical 
processing  because  of  electronic  information  handling  at  the  destination.  Fluctuations  will  therefore 
continue  to  be  among  one  of  the  most  important  aspects  in  future  device,  technology  and  systems 
research.  The  pull  from  current  and  future  applications  involving  high  performance  systems  will 
continue  to  keep  this  field  active  for  the  foreseeable  future. 
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ABSTRACT 

Dark  current  noise  measurements  between  10  and  10^  Hz 
were  carried  out  on  four  different  types  of  III-V  quantum 
well  infrared  photodetectors  designed  for  8-12  p,m  IR 
detection  at  T  =  77  K.  At  frequencies  between  10^  and  10^ 
Hz  noise  plateau  levels  stemming  from  the  trapping  and 
detrapping  of  electrons  in  the  quantum  wells  were  observed 
in  devices  with  superlattice  barriers.  From  this  data  the 
bias  dependent  noise  gain  and  electron  trapping  probability 
were  calculated.  Devices  with  bulk  barriers  only  showed 
frequency  dependent  excess  noise,  most  likely  associated 
with  interface  state  trapping,  in  our  spectral  window. 

INTRODUCTION 

Methods  to  detect  infrared  (IR)  radiation  have  been 
studied  ever  since  its  discovery  by  William  Herschel  in 
1800.^  Among  the  various  kinds  of  infrared  detectors,  those 
responding  to  radiation  in  the  wavelength  regions  of  1-3 
jim,  3-5  |lm  and  8-14  |im  (the  so-called  atmospheric  windows) 
receive  most  attention.  Detectors  operating  in  the 
wavelength  region  of  8-14  jim  are  especially  important  for 
imaging  since  the  temperature  of  the  human  body  and 
environments  suitable  for  human  life  are  around  300  K 
resulting  in  a  peak  wavelength  of  10  flm  in  their  radiation 
spectrum.  Various  device  structures  have  been  designed  and 
fabricated,  such  as  photoconductive  detectors,  metal- 
insulator-semiconductor  (MIS)  detectors  and  silicide 
Schottky  barrier  detectors.  A  poor  quantum  efficiency  for 
silicide  Schottky  barrier  detectors  is  the  main  restriction 
for  its  usage.  MIS  detectors  are  often  limited  by  surface 
states  which  can  exist  in  the  thin  insulating  layer  or  at 
the  semiconductor  insulator  interface.^  In  terms  of 
semiconductor  material,  selectively  doped  silicon  or 
germanium  may  be  used  to  fabricate  detectors.  However, 
because  the  photon  capture  process  involves  an  impurity 
center,  even  for  heavily  doped  devices,  the  absorption 
coefficient  is  relatively  low. The  ternary  compound 
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Hgi-xCdxTe  (MCT)  is  another  common  material  choice. 
Although  MCT  detectors  have  the  highest  performance  among 
IR  detectors  in  terms  of  detectivity (D*)  ,  some 
shortcomings,  such  as  mechanical  softness  and  sensitivity 
to  elevated  temperatures,  are  fundamental. 

After  West  and  Eglash  observed  infrared  absorption 
resulting  from  an  intersubband  transition  in  a  GaAs/AlGaAs 
quantum  well  structure^,  quantum  well  infrared  detectors 
(QWIPs)  have  become  increasingly  popular Despite  its 
large  dark  current  in  comparison  with  a  MCT  detector,  a 
QWIP  has  higher  production  yield,  lower  fabrication  cost, 
fewer  material  defects,  energy  band  selectivity  and 
predictable  spectral  response.  All  these  advantages  may 
make  QWIPs  good  candidates  for  long  wavelength  infrared 
detection . 

DEVICE  DESCRIPTION  AND  EXPERIMENTAL  SETUP 

The  energy  band  diagram  of  a  step-bound-to-miniband 
(SBTM)  QWIP,  sample  C,  is  presented  in  figure  1. 


Fig.  1.  Energy  band  diagram  of  a  step-bound-to~miniband 
QWIP, 


Note  that  the  InGaAs  well  is  doped,  the  superlattice 
barrier  is  undoped  and  that  due  to  the  specific  material 
choice  the  bottom  of  the  superlattice  is  a  step  up  from  the 
bottom  of  the  InGaAs  well.  The  superlattice  barrier 
introduces  a  miniband  at  the  energy  levels  indicated.  The 
other  device  structures  which  we  investigated  are  bound-to- 
miniband  (BTM)  transition  QWIPs  without  a  build-in  step 
(samples  A  and  B) .  Device  structure  D  employs  a  bulk  AlGaAs 
barrier  and  therefore  does  not  have  a  miniband.  The  photon 
induced  electron  transition  is  described  as  bound-to- 
continuum  (BTC) .  Calculations  of  the  energy  states  were 
carried  out  by  using  a  multilayer  transfer  matrix  method.^ 
In  order  to  determine  accurately  the  intersubband 
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transition  energies,  the  effects  of  nonparabolicity^^, 
electron-electron  interaction  (exchange  energy)  Exch  and 
depolarization  effects  E^e  were  taken  into  account . ^2) 
The  results  of  these  calculations  and  the  material 
parameters  are  listed  in  table  I. 

Table  I  QWIP  Device  parameters 


Sample 

A 

B 

C 

D 

SL  barrier 

In^Al  ][  — j^As 

AlxGai-xAs 

AlxGai-xAs 

- 

X 

0.52 

0.32 

0.40 

Width (A) 

35 

78 

30 

SL  well 

InxGai~xAs 

GaAs 

GaAs 

— 

X 

0.53 

Width (A) 

50 

26 

59 

Lb  (A) 

460 

598 

478 

875* 

QW 

InxGai-xAs 

GaAs 

I  nxGa  ]_  — xAs 

GaAs 

X 

0.53 

0.07 

Width (A) 

110 

85 

106 

110 

Nd  (lO^^/cm^ 

)0.5 

0.4 

1.4 

o 

LO 

Periods 

20 

30 

40 

40 

Substrate 

InP 

GaAs 

GaAs 

GaAs 

AEc  (meV) 

500 

260 

388 

190 

Step (meV) 

0 

0 

64 

— 

Ebs  (meV) 

37 

35 

18 

17,85 

Ej^ib  (meV) 

167-201 

166-174 

142-155 

— 

Transition 

BTM 

BTM 

SBTM 

BTC 

Me  s  a  ( llm^ ) 

1.92  10^ 

o 

I— 1 

4.9  10^ 

4  10^ 

The  symbol  Lb  represents  the  total  superlattice  or  bulk 
barrier  width  between  two  adjacent  photonic  active  quantum 
wells  (QW)  ,  and  AEq,  Ebs.  and  Emb  stand  for  the  conduction 
band  offset  in  the  quantum  wells,  the  bound  state  energy 
level,  and  the  miniband  energy  position  , respectively . 

Other  symbols  have  their  usual  meaning. 

A  standard  low  noise  receiver^^  consisting  of  a  Brookdeal 
5004  low  noise  amplifier  and  a  HP  3561A  dynamic  signal 
analyzer  was  used  to  measure  the  dark  current  noise  between 
10  and  10^  Hz  of  the  QWIPs.  The  QWIPs  were  submerged  into 
liquid  nitrogen  during  the  measurements.  Current-voltage 
characteristics  were  measured  using  a  HP  4145B 
semiconductor  parameter  analyzer. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  dark  current  and  differential  resistance  of  our 
samples  were  determined  as  a  function  of  bias  voltage  at 
T=77  K.  The  differential  resistance  was  obtained  by 
differentiating  the  measured  current-voltage 
characteristic.  Due  to  the  relatively  high  differential 
resistance,  especially  at  low  bias,  low  bias  noise 
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measurements  may  fall  below  the  detection  limit  of  our 
setup  for  some  devices. 

Typical  current  noise  density  spectra  of  sample  C  are 
plotted  in  figure  2. 


Fig.  2.  Current  noise  spectral  density  of  sample  C  at 
T  =  77  K 


10'^  10'2  lO'"*  10®  lO'' 

REVERSE  BIAS  VOLTAGE  (V) 

Fig.  3.  Current  noise  spectral  density  as  a  function  of 
reverse  bias  voltage  measured  at  T  =  77  K. 

The  strong  signal  at  low  frequencies  is  attributed  to  pick 
up.  At  midrange  the  noise  spectral  density  is  affected  by 
RC  parasitic  effects,  but  after  corrections  were  made, 
frequency  independent  noise  levels  result.  These  noise 
plateaus  are  attributed  to  electron  trapping  and  detrapping 
in  the  quantum  wells.  Samples  A  and  B  show  similar 
behavior,  whereas  sample  D  shows  frequency  dependent  excess 
noise  over  the  entire  frequency  span.  The  latter  is 
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supposedly  due  to  electron  trapping  in  interface  or  bulk 
barrier  trapping  states.  In  figure  3  the  noise  plateau 
levels  are  plotted  as  a  function  of  reverse  bias  voltage. 
The  arrows  indicate  current  noise  levels  calculated  using 
the  Nyquist  expression  Si  =  4  k  T  dl/dV.  Note  that  sample  A 
displays  thermal  noise  up  to  10“^  V  after  which  g-r  noise 
becomes  dominant .  As  explained  above,  the  low  bias  noise 
data  of  samples  B  and  C  could  not  be  measured  due  to  their 
large  dynamic  resistance,  but  seem  to  approach  Nyquist 
values  asymptotically.  For  the  bias  dependent  current  noise 
component  it  holds  that^^  Si  =  4  q  I  g  ,  where  g  is  called 
the  noise  gain  and  is  about  equal  to  the  ratio  of  electron 
lifetime  over  electron  transit  time,  i.e.,To/Xci.  The  noise 
gain  of  samples  A,  B,  and  C  is  calculated  and  plotted  in 
figure  4. 


100 


s 

LU 

W 

o 

Z  ^q-2 


10-3 

0  2  4  6  8 

REVERSE  BIAS  VOLTAGE  (V) 

Fig.  4.  Noise  gain  versus  reverse  bias  voltage. 

Note  that  for  samples  A  and  B  the  gain  increases  with 
increasing  bias  voltage  whereas  in  sample  C  saturation  sets 
in.  Liu  expressed  the  noise  gain  in  terms  of  the 
electron  trapping  probability  p  and  the  number  of  quantum 
wells  N.  We  use  from  his  paper  g  =  (1-p)/ (N  p)  which  Liu 
refers  to  as  optical  gain.  His  noise  gain  expression 
however,  results  in  non-physical  values  of  p  larger  than  1 . 
With  the  help  of  this  equation  and  the  data  presented  in 
table  I  and  figure  4  we  are  able  to  calculate  p  as  a 
function  of  bias  voltage.  The  results  are  presented  in 
figure  5.  The  quantum  well  barrier  lowering,  due  to  the 
applied  field,  in  the  direction  of  electron  emission 
increases  (1-p) ,  which  is  the  probability  for  excited 
carriers  to  leave  the  well  region.  As  a  result  p  will  have 
to  decrease  in  accordance  with  the  observations  presented 
in  this  figure. 
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REVERSE  BIAS  VOLTAGE  (V) 

Fig.  5.  Electron  trapping  probability  versus  reverse  bias 
voltage . 
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ABSTRACT 

Experiments  indicate  that  excess  low  frequency  noise  (1/f  noise)  is  related  to 
current  components  in  semiconductor  diodes.  Our  measurements  on  HgCdTe 
photodiodes  support  this  interpretation.  We  find  that  for  the  diffusion  current 
component,  the  1/f  noise  current  power  spectrum  is  very  nearly  proportional  to  the 
current  squared.  This  disagrees  with  the  predictions  of  models  for  1/f  noise  in  diodes 
which  start  from  Hooge’s  relation  for  1/f  noise  in  conductors.  Although  Hooge's 
relation  also  employs  a  current  squared  dependence,  association  of  the  minority  carrier 
density  with  N  (the  number  of  current  carriers  in  the  sample)  in  Hooge's  relation  leads 
to  a  predicted  linear  relation  between  noise  power  and  current  in  diodes.  This  predicted 
linear  relationship  is  not  obtained  in  our  experiments. 

INTRODUCTION 

Excess  low  frequency  noise  is  a  poorly  understood  but  widely  observed 
phenomenon.  1  Excess  low  frequency  noise  is  usually  called  1/f  noise,  since  the  noise 
power  spectrum  often  varies  approximately  as  inverse  frequency.  This  paper  is 
concerned  with  1/f  noise  in  diodes,  although  the  phenomenon  has  been  observed  in  a 
wide  range  of  physical  systems.  1/f  noise  in  semiconductor  photodiodes  is  a  topic  of 
practical  interest,  since  it  is  detrimental  to  device  applications. 

Frequency  independent  (white)  noise  sources  in  diodes  are  better  understood  than 
1/f  noise  sources.  White  noise  sources  can  often  be  related  by  theory  to  the  mean  value 
of  current  components,  based  on  noise  theory  and  the  physics  responsible  for  the 
respective  diode  current  components.^  White  noise  current  sources  in  diodes  are  often 
closely  related  to  shot  noise  (i.  e.,  one-half  to  full  shot  noise)  of  the  independent 
current  components  responsible  for  total  diode  current,  so  that  the  dominant  current 
component  is  usually  the  one  responsible  for  measured  white  noise.  This  result  greatly 
facilitates  the  reconciliation  of  theory  and  experiment.  However,  this  is  not  the 
situation  which  pertains  to  1/f  noise  in  HgCdTe  diodes;  for  example,  the  1/f  noise 
generated  by  diffusion  current  was  not  observed  by  early  workers  in  the  field,  even 
though  diffusion  current  could  be  made  to  be  the  dominant  current  component.^’^ 

This  paper  reports  experimental  results  obtained  on  diffusion  current  induced  1/f 
noise  in  infrared  sensitive  photovoltaic  HgCdTe  detectors,  and  discusses  them  in  terms 
of  1/f  noise  theories  as  applied  to  p/n  junctions.  Diffusion  current  generated  1/f  noise 
was  first  reported  in  HgCdTe  diodes  in  1985,^  and  has  also  been  reported  in  InSb^ 
and  InGaAs/InP^  diodes.  To  avoid  the  possible  complications  of  interference  from 
other  current  components,  we  have  investigated  photocurrent  induced  1/f  noise. 
Photocurrent  results  from  a  carrier  diffusion  process  and  can  be  observed  at  zero 
diode  bias,  allowing  separation  from  other  current  components  which  are  induced  by 
the  application  of  bias  voltage. 
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Although  there  is  no  general  physical  model  which  accounts  for  1/f  noise  in 
electronic  devices,  Hooge^^  proposed  an  empirical  relation  to  account  for  1/f  noise  in 
resistors 


(1) 


where  Sj  is  the  noise  power,  an  is  a  constant  parameter,  I  is  the  current,  f  is  the 
frequency,  and  N  is  the  number  of  carriers  in  the  sample.  Hooge’s  relation  was 
deduced  from  measurements  on  homogenous  samples;  however,  it  has  been  proposed 
that  extension  of  this  relation  to  samples  in  which  the  carrier  density  is  spatially 
varying  may  be  useful  in  accounting  for  1/f  noise  in  diodes,  We  will  see, 
however,  that  as  currently  formulated,  these  extensions  result  in  predictions  which  are 
not  in  accord  with  our  experiments. 


EXPERIMENT 

We  have  investigated  1/f  noise  in  HgCdTe  diodes  produced  by  a  variety  of  material 
growth  and  device  fabrication  techniques. Measurements  are  performed  with  the 
diodes  held  at  low  temperatures  in  cryogenic  dewars.  An  aperture  in  the  detector  cold 
shield  is  provided  to  allow  illumination.  For  photocurrent  dependent  measurements, 
sufficient  rangeof  current  is  obtained  from  illumination  by  room  temperature  objects 
and  variable  field  of  view  in  the  case  of  LWIR  (10  -  12  qm  cutoff  wavelength)  diodes; 
however,  MWIR  (3  -  5  qm  cutoff  wavelength)  diodes  may  need  to  be  illuminated  by  a 
heated  blackbody,  for  instance.  1/f  noise  in  the  source  of  illumination  is  a  concern 
which  may  be  addressed  by  noting  correlation  in  noise  generated  in  simultaneously 
illuminated  detectors. 

The  detectors  are  connected  directly  to  a  room  temperature  transimpedance 
amplifier  (TIA)  for  noise  measurements.  The  output  of  the  TIA  is  coupled  to  a  buffer 
voltage  amplifier  which  provides  appropriate  signal  levels  to  a  spectrum  analyzer.  The 
spectrum  analyzer  produces  the  resulting  noise  power  spectral  density.  This  system 
allows  direct  measurement  of  current  fluctuations,  as  opposed  to  measuring  voltage 
fluctuations  across  a  resistor  in  series  with  the  diode.  The  usual  frequency  range 
measured  is  0.25  to  100  Hz.  At  the  highest  useful  TIA  gain  of  10'^®  amps/volt,  the 
input  referred  measurement  system  noise  is  about  4xl0'30  amps^/Hz  within  this  range 
of  frequencies,  if  we  neglect  peaks  due  to  60  Hz  line  or  dewar  microphonic  resonance 
frequency  interference.  The  cryogenic  dewar  is  placed  on  a  vibration  isolation  table  to 
minimize  microphonic  interference. 


RESULTS 

1/f  noise  in  HgCdTe  diodes  appears  to  be  related  to  current  components,  and  is  not 
directly  related  to  total  terminal  current  or  applied  bias  voltage.  This  is  inferred  based 
on  the  results  of  the  following  experiment,  which  was  also  performed  by  Tobin. ^  We 
show  in  Fig.  1  the  current-voltage  (I-V)  and  differential  resistance-voltage 
characteristics  of  an  LWIR  HgCdTe  photodiode  at  78. 5K  in  the  dark  (full  cold  shield) 
and  under  illumination.  Measurements  of  noise  were  made  at  the  four  points  labeled  A- 
D  in  Fig.  1;  the  results  are  tabulated  as  follows: 


G.  M.  Williams  et  al  423 


Point  in  Fie.  1 

Bias  Voltaee  (mV) 

Current  (amps) 

Noise  Power  at 
Hz  (amps2/Hz) 

A 

0 

0 

1.0  X  10-26 

B 

0 

3.28  X  10-2 

7.6  X  10-22 

C 

-17 

2.20  X  10-8 

1.1  X  10-22 

D 

-17 

3.56  X  10-2 

8.6  X  10-22 

— Dark  1(V)  Dark  dV/di 
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Fig.  1.  Current  and 
differential  resistance  vs. 
applied  bias  for  an  LWIR 
HgCdTe  photodiode  in  the 
dark  and  under  illumination. 
Diode  temperature  is  78.5K; 
junction  area  is  2.5x10'^  cm^. 


As  is  expected  for  an  unilluminated  diode  at  zero  bias,  the  noise  at  point  A  agrees 
with  Johnson  noise  calculations  based  on  the  junction  resistance.  For  this  case  only,^ 
the  noise  spectrum  is  frequency  independent  at  1  Hz;  all  other  noise  power  table  entries 
refer  to  1/f  noise  magnitudes.  The  increase  in  1/f  noise  at  zero  bias  with  photocurrent 
observed  at  point  B  in  comparison  to  point  A  immediately  suggests  an  association 
between  diode  1/f  noise  and  current,  while  discouraging  attempts  to  account  for  noise 
in  terms  of  applied  voltage.  Comparison  of  the  data  at  point  C,  reverse  bias  case 
without  photocurrent,  to  the  data  at  point  B  shows  that  the  dark  current  induced  1/f 
noise  is  disproportionately  large  compared  to  the  photocurrent  induced  1/f  noise,  if  we 
consider  the  magnitudes  of  the  respective  currents  involved.  Since  we  will  later  show 
that  photocurrent  induced  1/f  noise  is  proportional  to  the  square  of  the  photocurrent, 
we  deduce  that  1.25x10-7  amps  of  photocurrent  would  give  the  same  1/f  noise  as  the 
2.2x10-8  amps  of  bias  induced  current,  so  the  dark  current  is  much  more  effective  in 
producing  1/f  noise.  This  comparison  of  the  data  at  point  B  and  C  then  further 
supports  the  idea  that  1/f  noise  in  diodes  is  related  to  current  components,  and  also 
suggests  that  different  current  components  generate  1/f  noise  with  unequal  efficiency. 
The  last  entry  in  the  table  at  point  D,  corresponding  to  combined  bias  and 
photocurrent,  shows  that  the  noise  power  is  the  sum  of  the  individual  noise  powers 
from  points  B  and  C,  demonstrating  that  current  sources  act  independently  (no 
correlation)  in  producing  diode  1/f  noise.  This  result  is  completely  consistent  with  the 
concept  that  diode  1/f  noise  is  driven  by  independent  current  sources,  each  of  which 
has  its  own  particular  1/f  noise  generation  mechanism.  We  note  that  the  relationship 
between  1/f  noise  and  diode  current  components  is  then  analogous  to  the  description  of 
white  noise  in  diodes,  which  is  also  associated  with  independent  current  components,^ 
as  mentioned  in  the  introduction.  Of  course,  the  physics  relating  1/f  noise  and  current 
components  is  quite  different  from  the  physics  relating  white  noise  to  its  current 
components. 
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Contrary  to  some  predictions,  16  i/f  noise  is  present  when  a  photodiode  is  operated 
at  the  open  circuit  voltage.  In  Fig.  2  we  show  a  plot  of  1/f  noise  at  1  Hz  vs.  applied 
bias  for  a  diode  under  illumination  and  in  the  dark.  Under  illumination,  the  data  shows 
no  tendency  for  1/f  noise  to  disappear  as  the  forward  bias  approaches  the  open  circuit 
voltage  of  +17.5  mV,  where  the  net  total  current  is  zero.  This  result  is  consistent  with 
the  association  of  diode  1/f  noise  with  current  components,  and  not  the  total  junction 
current.  At  small  bias  while  under  illumination,  the  1/f  noise  is  dominated  by 
photoinduced  1/f  noise  and  is  independent  of  applied  voltage.  At  large  bias  magnitude, 
dark  current  induced  1/f  noise  dominates,  increasing  faster  with  forward  bias  voltage 
because  of  the  relatively  large  bias  induced  dark  current. 
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Fig.  2.  Noise  power  at  1  Hz 
vs.  applied  bias  for  an  LWIR 
HgCdTe  photodiode  in  the 
dark  and  under  illumination. 
Diode  temperature  is  78K; 
junction  area  is  2.5xl0'6  cm^. 
The  open  circuit  voltage  is 
17.5  mV,  and  the 
photocurrent  is  5.5x10'^ 
amps. 


If  we  accept  that  diode  1/f  noise  is  related  to  current  components,  the  functional 
relationship  between  1/f  noise  and  these  current  components  is  of  primary  interest.  In 
Fig.  3  we  show  a  plot  of  1/f  noise  power  vs.  photocurrent  at  zero  bias  for  an  MWIR 
and  an  LWIR  HgCdTe  diode.  The  data  clearly  suggests  that  the  noise  power  is 
proportional  to  the  square  of  the  photocurrent,  as  the  trend  line  in  the  figure  indicates. 


Photocurrent  (amps) 


Fig.  3.  1/f  noise  power  at  1 
Hz  vs.  photocurrent  for  an 
LWIR  and  MWIR  HgCdTe 
photodiode.  Both  diodes  at 
78K.  LWIR  junction  area 
2.5x10-5  cm2,  MWIR 
junction  area  1.6x10^  cm2. 


DISCUSSION 


The  inferred  dependence  of  1/f  noise  in  diodes  on  current  components  can 
complicate  attempts  to  relate  measured  diode  1/f  noise  to  measured  diode  current  if,  as 
the  data  suggest,  current  components  generate  1/f  noise  with  substantially  unequal 
efficiency.  The  problem  is  that  applied  junction  bias  voltage  excites  all  current 
components,  so  it  is  reasonable  to  conclude  that  situations  may  arise  where  the 
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dominant  current  component  is  not  the  dominant  1/f  noise  producing  component. 
Consider  that  analysis  of  the  I-V  characteristic  in  Fig.  1  shows  that  the  dominant  dark 
current  components  are  diffusion  current  and  tunneling  current.  Some  generation- 
recombination  current  must  also  be  present.  All  current  components  have  surface  and 
bulk  contributions,  while  tunneling  currents  also  come  in  band-to-band  and  trap- 
assisted  varieties.  Because  the  application  of  bias  voltage  excites  all  current 
components  through  different  functional  relationships,  analysis  of  the  bias  dependence 
of  1/f  noise  is  a  complex  issue  when  the  efficiency  of  1/f  noise  generation  by  these 
current  components  is  without  theoretical  or  experimental  basis. 

This  difficulty  can  be  circumvented  in  one  particular  case  -  the  study  of 
photocurrent  induced  1/f  noise.  Zero  applied  diode  bias  can  be  maintained  so  that  no 
current  component  other  than  photoinduced  diffusion  current  is  present.  A  further 
advantage  is  that  diffusion  current  sources  in  diodes  have  a  sound  theoretical  basis. 

The  absence  of  1/f  noise  at  zero  bias  and  without  photocurrent  (at  least  at  the 
magnitudes  discussed  in  this  paper  as  measured  at  1  Hz)  make  this  technique  viable. 

We  now  consider  the  significance  of  the  observed  photocurrent  squared 
dependence  of  1/f  noise  power  spectral  density.  This  empirical  result  is  reminiscent  of 
Hooge's  empirical  result,  Eq.  1,  for  1/f  noise  in  conductors,  which  also  shows  a 
current  squared  dependence.  However,  predictions  of  the  1/f  noise  behavior  of  diodes 
which  are  based  on  Hooge's  relationship!  1"14  currently  assume  that  the  minority 
carrier  density  is  to  be  associated  with  N  (the  number  of  carriers  in  Hooge's 
relationship).  Since  the  minority  carrier  density  is  proportional  to  diffusion  current  in 
diodes,  these  theories  predict  a  net  linear  relationship  between  1/f  noise  power  and 
current,  since  the  direct  proportionality  of  N  to  I  cancels  an  I  in  the  numerator  of  Eq. 

1,  So  we  must  conclude  that  either  these  theories  do  not  apply  to  our  experiments,  or 
they  require  modification. 

The  above  theories  may  not  apply  in  at  least  two  ways.  First,  the  measured  1/f 
noise  may  simply  be  of  the  Hooge  type  in  the  series  resistance  of  the  diode.  However, 
this  explanation  is  unlikely,  since  the  currents  are  relatively  small  and  the  sample  is^ 
large.  Based  on  the  measured  noise  power  and  current,  and  assuming  nominal  doping 
densities  of  2x1015  ^^-3  ^nd  relevant  device  volumes  derived  from  a  10  pm  layer 
thickness,  5  mm  distance  to  contact,  a  1  mm  effective  device  width,  Hooge  parameters 
of  40  to  400  would  be  required  to  account  for  the  data.  These  numbers  are  5  to  6 
orders  of  magnitude  larger  than  those  measured  in  HgCdTe.l^  In  addition,  we  have 
measured  photocurrent  induced  1/f  noise  on  the  same  diode  using  different  ground 
contacts  to  vary  the  series  resistance  (by  a  factor  of  1.23),  and  demonstrated  that  1/f 
noise  is  unaffected.  From  Eq.  1,  a  change  in  1/f  noise  power  by  this  same  factor 
should  have  been  observed  if  the  series  resistance  was  responsible  for  the  noise._  The 
second  case  in  which  the  theories  may  not  apply  is  if  the  noise  is  of  surface  origin, 
which  also  has  a  current  squared  dependence.! ^  We  have  shown,  however,  from  the 
investigation  of  variable  area  detectors  that  the  photocurrent  induced  1/f  noise  is  a  bulk 
effect,! 5  at  least  for  HgCdTe  active  layers  grown  on  non-lattice  matched  substrates. 
Therefore,  we  conclude  that  these  two  objections  cannot  be  used  to  rule  out  the 
possibility  that  the  proposed  models  apply  to  our  experiment.  The  dependence  of  1/f 
noise  power  on  the  square  of  diffusion  current  therefore  suggests  that  if  Hooge’s 
relation  is  to  be  of  use  in  describing  1/f  noise  in  diodes,  the  factor  N  must  be  chosen 
such  that  it  is  independent  of  current.  This  is  not  the  way  in  which  present  attempts  to 
account  for  1/f  noise  in  diodes  treat  the  factor  N. 
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CONCLUSIONS 

Our  results  support  evidence  which  suggests  that  1/f  noise  in  HgCdTe  diodes  is 
driven  by  current  components,  and  so  is  not  necessarily  directly  related  to  the  total 
diode  current.  We  present  a  method  of  studying  the  diffusion  current  component 
without  interference  from  other  leakage  current  mechanisms,  and  find  that  diffusion 
current  induced  1/f  noise  is  proportional  to  the  diffusion  current  squared. 

These  results  demonstrate  that  theories  for  diodes  which  are  based  on  Hooge's 
relationship  for  1/f  noise  in  homogenous  conductors  do  not  correctly  account  for  the 
diffusion  current  dependence  of  induced  1/f  noise,  because  they  equate  N  (the  number 
of  current  carriers  in  the  sample  in  Hooge's  relation)  to  diode  minority  carrier  density. 
Although  even  in  conductors  clear  identification  of  the  physical  significance  of  the 
factor  N  has  remained  problematic, ^ 7  a  factor  like  N  must  be  included  in  the 
relationship  between  noise  and  current  when  noise  power  is  proportional  to  the  square 
of  the  current  to  insure  that  independent  noise  sources  will  add  in  quadrature. 
Identification  of  the  physical  phenomena  which  relate  to  the  factor  N  for  diffusion 
current  is  key  to  developing  a  better  understanding  of  this  1/f  noise  process. 
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1/f  TRAPPING  NOISE  THEORY  WITH  UNIFORM  DISTRIBUTION  OF 
ENERGY-ACTIVATED  TRAPS  AND  EXPERIMENTS  IN  GaAs/InP 
MESFETs  BIASED  FROM  OHMIC  TO  SATURATION  REGION 
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France  Telecom/  CNET  /  Groupement  Microelectronique 
196  Avenue  Henri  Raverra  BP  107  F-92225  Bagneux,  France 
*  Lab.  PCS  ( U.R.A  CNRS  840 ),  ENSERG,  BP  257-38016  Grenoble  Cedex  France 

Abstract-  The  theory  of  the  number-fluctuation  1/f  noise  due  to  a  uniform  distribution  of  energy-activated  traps  is 
presented  for  the  first  time  with  a  clear  experimental  support.  The  expressions  of  the  drain  current  noise  are  derived 
as  a  function  of  an  effective  density  of  traps  at  the  channel-buffer  interface,  taking  into  account  electrical  and  tech¬ 
nological  parameters  of  the  GaAs  MESFETs  biased  in  the  ohmic  region  as  well  as  in  the  nonohmic  region.  In  the 
ohmic  region,  the  drain  current  noise  is  proportional  to  and  independent  of  gate  bias,  and  correlation  between 
the  calculated  effective  density  of  traps  and  structural  quality  of  GaAs  layers  has  been  observed.  In  the  non-ohmic 
region,  the  drain  current  noise  increases  with  and  becomes  constant  in  the  saturation  region,  which  is  mainly 
related  to  the  variations  of  the  channel  resistance  with  drain  bias. 


Introduction 

The  most  generally  accepted  theory  relates  the  1/f  noise  in  MOS  transistors  to  fluctuations  A/V  of  the  number  of 
carriers  N  in  the  channel.  These  fluctuations  are  caused  by  tunneling  of  free-charge  carriers  into  oxide  traps  close  to 
the  Si-Si02  interface*.  Another  model  relates  the  1/f  noise  to  fluctuations  of  the  mobility  due  to  lattice  scattering;  this 
model,  based  on  Hooge’s  empirical  relation,  corresponds  to  a  bulk  effect.  The  A/V  model  is  more  often  related  to 
surface  trapping  effect.  However,  some  difficulties  exist  to  discriminate  between  number-fluctuation  and  mobility- 
fluctuation  1/f  noise  in  GaAs  MESFETs  ^  because  there  is  a  lack  of  theoretical  models  describing  the  1/f  noise  in 
GaAs  MESFETs;  moreover  the  observed  noise  strongly  depends  on  substrate  and  active  layer  qualities. 

In  this  paper,  we  present  a  theory  for  a  number-fluctuation  1/f  noise  using  a  uniform  distribution  of  energy-actived 
traps.  Applications  of  this  theoretical  model  to  GaAs  MESFETs  grown  on  InP  substrates  are  also  reported.  Notice 
that  the  aim  of  GaAs  growth  on  InP  substrates  is  to  combine  the  GaAs  electronics  devices  with  the  InP  optoelectronics 
devices  on  the  same  InP  wafer  for  OEICs,  because  InP-based  FET  technology  is  not  as  mature  as  GaAs  technology. 
In  view  of  integrated  photoreceiver  applications,  low  1/f  noise  component  is  needed  to  get  high  sensivity  receivers. 


Theory  of  Number-Fluctuation  1/f  Noise 

A  generation-recombination  low-frequency  noise  for  single  level  traps  with  one  time  constant  is  given  by 


5^(00)  = 


4xAN^ 

1  +  (ort)^ 


(1) 


where  A/V^  is  the  variance  of  the  number  N  of  free  carriers  ( in  the  channel )  and  t,  the  time  constant  of  traps,  may 
correspond  to  a  thermally  activated  process.  In  order  to  calculate  the  spectral  density  of  carrier  number  fluctuations 
5^,(0))  due  to  traps  located  at  energy  levels  distributed  between  and  (from  the  conduction  band),  a  normalized 

energy  distribution  g  (Ej)  is  required  verifying  : 

jgiE^)dE,=  \  (2) 

The  spectral  density  5jv(o))  is  then  given  by 


5^(£0)  = 


X 

1+(COT^ 


dEr 


(3) 
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Under  the  hypothesis  that  all  these  traps  are  equally  participating  to  the  noise,  i.e  g{Er)  distribution  is  uniform,  we 
have : 


for  <Ej<Ej 


8iEr)  =  0 


elsewhere 


For  a  thermally  activated  process,  the  trapping  time  constant  is  related  to  its  activation  energy  E^-  by 


T  =  Xoexp 


Since  dET-=  kT  (  d  x/  T  ),  it  follows  after  integrating,  for  ~ 


Et2-Et^  f 

For  a  homogeneous  device  the  fluctuations  of  the  total  number  of  carriers  N  is  related  to  resistance  R  and  current  I 
fluctuations  by: 

^2  j2  ^2  (6) 

where  y  is  a  1/f  noise  parameter  related  to  the  variance  of  the  carrier  number: 

^  (7) 

^T2  ~  ^T\ 

Assuming  a  binomial  distribution  for  the  trap  occupancy,  the  maximum  noise  contribution  corresponds  to  the  maximum 


A^^  =  A(A-/Vor  =  -^j- 

where  is  the  effective  density  of  traps  which  contribute  to  the  noise,  and  AV  the  volume  in  which  the  traps 

are  efficient.  Defects  in  GaAs  and  their  effect  on  noise  perfoirnance  have  been  extensively  observed  and  reported  in 
the  literature.  A  variety  of  these  defects  are  present  at  the  interface  between  the  substrate  and  channel*  and  experimental 
results  have  confirmed  the  fact  that  the  buffer  traps  can  generate  1/f  low-frequency  noise  DLTS  experiments  have 
also  shown  that  in  GaAs  material  a  few  electron  traps  (EL)  exist  with  activation  energy  in  the  0.2  -  0.8  eV  range  * 
below  the  conduction  band. 

From  a  band  diagram  of  the  channel-buffer  layer  junction  affected  by  traps,  the  volume  where  the  traps  are  efficient 
can  be  written:  AF  =  WLcO^  -  Xi),  where  W  and  are  the  width  and  length  of  the  channel,  /^i  and  Xj  correspond  to 
the  distance  over  which  Ec{x)-Ef  <  Ej-^  or  Ej^  respectively  in  the  depletion  region  of  the  channel-buffer  junction;  we 


zr  zr 
Et,  Ec- 


E  E 

Et2  Ec-  2£  ^ 


where  is  the  (low)  impurity  concentration  in  the  buffer  layer;  from  (7),  (8)  and  expression  of  AA^  we  get; 

■{kf 


with  Xo  the  Debye  length  in  the  buffer  layer  (Xp  =  ■yjlekTIq^Ns). 

In  a  MESFET  biased  in  the  ohmic  region,  the  total  number  of  carriers  in  a  n-channel  is  given  hy:N  =  with 

R  the  channel  resistance  and  )i„  the  electron  mobility.lf  tlie  source  and  drain  resistances  are  negligible  with  regard  to 
the  channel  resistance  (which  is  generally  true  in  a  recessed  MESFET),  Vqs^R.Id  and  it  follows  from  (6)  and  (9): 
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=  Li—f 

Then,  the  spectral  density  of  drain  current  fluctuations  is  proportional  to  note  that  this  result  has  already  been 
experimentally  observed  for  epitaxial  and  implanted  GaAs  MESFETs,  where  a  bulk  contribution  to  the  1/f  noise  is 
described 

For  undoped  GaAs  buffer,  the  residual  impurity  concentration  is  about  2  10*“  cm' ;  the  Debye  length  in  the  buffer 
is  then  Xd=  0.43  |im.  Therefore,  the  measurements  of  the  drain  current  fluctuations  (5/^)  at  a  given  frequency  of  the 
1/f  noise  in  the  ohmic  region  of  a  MESFET  allow  to  estimate  the  effective  trap  density  Nj  using  eq(lO). 

It  is  worth  noting  that,  when  Hooge  relation  is  used  to  describe  the  1/f  noise,  eq(6)  is  written  imder  the  form; 

i.e 

a 

Then  the  corresponding  Hooge  parameter  for  the  1/f  noise  analysed  here,  using  Eq(9)  and  writing 
R  =  /?o/(l  -  V(V'a/-  V'cs)/Fp),  with  Ro  the  open  channel  resistance,  is  given  by: 

yjW _ 1  (11) 

-  VcsVV^) 

where  a  is  the  active  layer  thickness  and  Np  the  carrier  density  in  the  channel.  It  appears  that  the  Hooge  parameter 
will  dependent  on  the  quality  of  the  GaAs  layers  (trap  density)  and  technological  parameters  of  the  device  (doping 
level);  it  is  independent  of  the  length  and  width  of  the  channel.  It  also  appears  that  a  low  value  of  Hooge  parameter 
corresponds  to  high  layer  thickness  and  large  doping  level  in  the  channel.  Several  authors  have  presented  measured 
values  of  the  Hooge  parameter  for  GaAs  and  have  found  Oh  values  in  the  10'^- 10'^  range  For  classical  MESFETs 
with  Ifim  gate  length,  the  channel  doping  is  generally  2x10*  W  so  that  for  a  layer  thickness  of  0.12  ^lm,  Vp=2V. 

Using  eq(  1 1 )  to  calculate  the  Hooge  parameter  at  V gs=0  V , 

we  find  that  an  effective  density  of  traps  of  10**  cm'^  gives  sow*  — | — 

09=2x10'*  while  NT=10*WVves  aH=2xl0^.  I  ' — I  /  \  I  I 

In  the  linear  region,  when  the  drain  voltage  is  small  n*  X/ 

(Vds«Vp+Vgs- Vbi),  the  number  of  carriers  is  indepen-  / 

dentofVos.  Increasing  the  drain  bias  produces  a  non-  chw-  «i  ® 

uniformity  of  the  depletion  layer  along  the  channel,  then  t  .  ^  d) 

a  variation  of  the  number  of  carriers  in  the  sample.  We 

divide  the  channel  of  the  MESFET  into  elementary  GaAs  soii*4nn<sfciB  Bu«»f _ 

volumes  containing  dN  earners  and  through  which  a 
constant  current  Iq  is  passed.  With  h  the  depletion  layer 

at  a  distance  x  from  the  source  (fig.l),  the  total  number  _ inPSubrtrais _ 

of  carriers  in  the  chaimel  (between  source  and  drain)  can  _ 


InP  Substrata 


be  written: 


Fig.l :  Cross  Section  of  our  GaAs  MESFET  on  InP  substrate 


W(V„„V„)  =  W„tvJ(a-A)dx 


Using  dV(x)=  Iq  dx  /  (i?p,N/,(a  -h)W)  and,  from  Poisson  equation,  Vbi  - 
dV(x)=qNi>hclh/e,  where  e  is  GaAs  permittivity.  Putting: 

„  h  .  f(V„-Vo,  +  V) 


+  V(x)  =  q  Nd  h^/2£,  we  have 


VpS  +  ^Bl  ~ 


and  integrating  eq(12),  we  obtain  the  following  eq(13); 

...  ...  2LiiVs,~Vas)(\ 


^(U^-l)-^Z,((/^-l)  +  -Z^(U'‘-l) 
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where  Zs  is  the  reduced  depletion  layer  of  the  Schottky  gate  at  the  source.  When  calculating  drain  current  for  different 
drain  and  gate  biases  we  use  the  expressions  given  by  Sze 

Thus,  using  these  last  equations,  we  can  calculate  the  total  number  of  carriers  in  the  channel  and  the  drain  current  for 
different  biases  Vqs  and  Wqs,  and  get  a  first  order  approximation  of  the  spectral  density  of  current  drain  fluctuations 
from  eq(6),  knowing  the  parameter  y  or  the  effective  density  of  traps. 


Experimental  Results  and  Discussion 

The  low-ffequency  noise  measurements  (10  Hz  to  100  kHz )  performed  on  GaAs  MESFETs  grown  on  InP  substrates 
show  1/f  spectra  over  the  whole  frequency  range.  It  has  been  demonstrated  experimentally  that  the  1/f  noise  corresponds 
to  fluctuations  of  the  number  of  carriers  in  the  channel,  related  to  trapping  phenomena  due  to  traps  located  in  the 
depletion  region  of  the  buffer-channel  interface 

The  drain  current  noise  spectral  density  was  measured  using  a  low-noise  amplifier  and  a  digital  spectrum  analyser. 
Experiments  were  performed  at  room  temperature  on  MESFETs  with  different  thicknesses  of  undoped  buffer  layers. 
The  technological  parameters  of  MESFETs  used  in  this  work  are  given  in  table  (1 );  we  took  Eri=0.2eV  and  ET2=0.8eV. 
Devices  gate  length  and  width  were  respectively  Ijum  and  50  pm.  The  doping  level  is  extracted  from  C(V)  measu¬ 
rements  and  the  channel  thickness  was  derived  by  fitting  the  resistance  of  the  channel  for  different  gate  biases.  The 
drift  mobility  were  deduced  from  Hall  mobility  measurements  in  these  layers  ( ^^=0.85  p„  ). 


Buffer 

Thickness 

ND(cm-') 

a(pm) 

p,(cm'/v.s) 

Njlcm'^) 

FWHM 

(Arcsec) 

1  pm 

1.4  10'^ 

0.150 

2800 

1.38  10'" 

370 

2  pm 

1.5  10'' 

0.152 

3100 

7.00  10" 

230 

3  pm 

1.5  10" 

0.122 

3600 

3.25  10" 

195 

5  pm 

1.8  10" 

0.118 

3700 

2.40  10" 

185 

Table  1.  Parameters  used  in  this  model  for  the  devices  under  investigation  together  with  the  corresponding  N^-  and 
FWHM  (DDX)  values  deduced  from  measurements 


In  the  ohmic  region,  the  measurements  of  drain  current  noise  at  f=lkHz  and  Vos=20mV  for  different  gate  biases  and 
several  buffer  thicknesses  is  plotted  in  fig.2.  It  is  observed  that  S/^  is  indenpedent  of  V^s,  and  the  increase  of  buffer 

thickness  produces  a  decrease  of  1/f  noise  magnitude;  this  has  to  be  related  to  the  improvements  of  the  structural 
quality  of  GaAs  channel  layers  with  increasing  buffer  thickness.  By  fitting  this  results  witheq(lO)  and  using  parameters 
of  MESFETs  (mobility,  length  and  width  of  the  gate),  we  derived  the  effective  density  of  traps  also  given  in  table.  1. 
As  shown  in  fig. 3  the  increase  of  the  buffer  thickness  is  related  to  a  decrease  of  trap  density,  which  appears  to  be 
nearly  unchanged  for  thickness  above  3|im.  The  difference  in  lattice  constants  of  3.8%  between  GaAs  and  InP  is 
accommodated  by  the  formation  of  high  linear  density  of  misfit  dislocations  at  the  heterointerface  It  has  already 
been  demonstrated  by  the  measurements  of  the  full  width  at  half  maximum  (FWHM)  of  the  X-ray  double  diffraction 
that  an  increase  of  the  buffer  layer  thickness  produces  a  significant  improvement  of  structural  quality  of  GaAs  layers 
and  remains  constant  for  thickness  above  4pm  **  as  shown  in  the  insert  of  fig.3.  We  can  conclude  that,  this  results 
show  a  good  correlation  between  the  structural  quality  of  GaAs  layers  and  density  of  traps  participating  to  the  1/f 
noise. 

From  the  v  al  ues  of  channel  resi  stance  and  drain  current  noi  se  as  functions  of  gate  bias,  we  can  calc  ulate  the  experimental 
variation  of  the  Hooge  parameter  with  gate  bias  in  the  ohmic  region  for  1,  2  and  3pm  buffer  thicknesses.  The  Hooge 
parameter  decreases  with  gate  bias  (fig.4);  this  behaviour  can  be  explained  by  the  increasing  number  of  carriers  in 
the  channel  with  increasing  gate  bias.  The  experimental  results  are  very  well  interpreted  by  the  above  given  theory, 
eq(ll),  which  proves  that  for  devices  under  investigation,  we  are  actually  dealing  with  AN  fluctuations,  so  that  the 
Hooge  formulation  is  not  physically  well-adapted. 
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Fig.2:  The  drain  current  spectral  density  (at  f=lkHz) 
vs  the  front  gate  voltage  Vos,  at  VDs=20mV  (ohmic 
region)  for  different  GaAs  undoped  buffer  layer 
thicknesses,  grown  on  InP  substrates. 


Fig.3:  Effective  trap  density  at  the  channel-buffer  layer 
interface  vs  buffer  thickness,  as  deduced  from  1/f  noise 
measurements  (to  be  compared  with  the  FWHM  signal  of 
X-ray  Double  Diffraction,  in  insert). 


Fig.4:  The  Hooge  parameter  (considered  as  a  noise 
index)  as  deduced  from  the  experimental  measure¬ 
ments  and  the  presented  theory  eq(i  1),  in  the  ohmic 
region,  for  different  buffer  thicknesses. 


Fig.5:  Experimental  and  theoretical  variations  of  the  rela¬ 
tive  drain  current  noise  (at  f=lkHz  and  Vqs^OV)  vs  drain 
bias;  buffer  layer  thickness  l|um. 
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The  dependence  of  drain  current  noise  on  drain  bias  has  been  also  investigated  experimentally.  In  sub-saturation  and 
saturation  regions  a  1/f  noise  spectrum  is  observed.  Figure  5  gives  the  experimental  curves  of  the  relative  noise 

vs  Vds  at  f=  IkHz  and  Vgs=  OV  for  device  with  l|um  thick  buffer  layer.  which  is  independent  of  Vjjs  in  the 

ohmic  region,  then  increases  with  Vds  in  the  sub- saturation  region  and  becomes  constant  in  the  saturation  region.  The 
experimental  results  are  rather  well  interpreted  by  the  above  given  model  (eq(l  3)  and  (6))  as  shown  in  fig,4.  In  addition, 
this  general  model  also  fits  very  well  the  ohmic  region  (eq(lO)). 

In  the  ohmic  region,  the  theoretical  model  is  sufficient  to  determine  the  density  of  traps  giving  rise  to  the  1/f  noise. 
In  addition,  the  general  model  can  also  be  used  to  describe  the  1/f  noise  behaviour  from  the  ohmic  region  to  the 
saturation  region.  It  appears  that  the  measured  values  are  fully  consistent  with  results  obtained  from  our  model  (fig.5). 
This  confirms  the  validity  of  the  1/f  trapping  noise  model  in  GaAs  MESFETs. 

Conclusion 

A  theory  of  1/f  trapping  noise  using  uniform  distribution  of  energy-activated  traps  has  been  developed  for  the  first 
time.  It  gives  proportionality  between  the  1/f  noise  magnitude  and  an  effective  density  of  traps  at  the  channel-buffer 
interface.  Application  of  this  theoretical  model  to  GaAs  MESFETs  has  been  successfully  made  for  noise  study  taking 
into  account  thickness  and  doping  level  of  the  channel.  This  theory  is  consistent  with  the  experimental  influences  of 
the  main  parameters:  gate  and  drain  biases,  density  of  traps  (through  buffer  thicknesses).  The  experimental  and 
calculated  results  are  in  good  agreement  for  the  whole  range  of  drain  bias.  This  confirms  the  validity  of  the  1/f  trapping 
noise  theory  in  GaAs  MESFETs. 
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DEPENDENCE  OF  PHOTOCONDUCTION  NOISE  ON  TEMPERA¬ 
TURE:  A  CHECK  OF  BARRIER-TYPE  THEORY  OF  PHOTOCON¬ 
DUCTIVITY  IN  CdS  BASED  DEVICES 

A.  Carbone  and  P.  Mazzetti 

Dipartimento  di  Fisica  del  Politecnico  di  Torino 
Corso  Duca  degli  Abruzzi  24  -  10129  Torino  (Italy) 

ABSTRACT 

A  theory  of  current  noise  in  photoconducting  devices  developed  in  a  previous  paper  has 
been  checked  against  measurements  of  photoconductance  noise  in  a  CdS  based  device 
as  a  function  of  temperature.  It  is  shown  that  the  theory  reproduces  the  esperimental  results 
without  the  introduction  of  free  parameters  in  the  low  frequency  range  where  the  photo- 
induced  component  dominates  the  whole  power  spectrum. 

INTRODUCTION 

In  previous  papers*’^  a  theory  of  current  noise  in  photoconducting  CdS  based  devices  has 
been  developed  on  the  basis  of  a  barrier  model  of  the  photoconduction  mechanism. 
According  to  this  model  the  electrical  conductance  of  the  device  is  determined  by  foto- 
sensitive  potential  barriers  whose  height  depends  on  the  positive  trapped  charge  created 
by  light^  .  In  the  present  case  it  is  assumed  that  the  light  sensitive  barrier  is  localized  in 
proximity  of  the  metal  contacts.  The  main  result  of  this  theory  concerns  the  presence  of 
a  photoinduced  noise  component  related  to  the  spontaneous  fluctuation  of  the  height  of 
this  potential  barrier,  due  to  the  fluctuation  of  the  trapped  charge  produced  by  light.  An 
interesting  aspect  of  the  theory  is  represented  by  the  fact  that  it  allows  the  evaluation  of 
both  the  amplitude  and  shape  of  the  power  spectrum  of  the  photoinduced  noise  component 
from  experimental  data  concerning  conductance  and  relaxation  time  measurements  vs. 
light  intensity  and  wavelength,  without  the  introduction  of  adjustable  parameters.  Since 
at  light  intensity  above  lO’^  photons  s‘‘  cm*^  this  component  dominates  the  whole 
photocurrent  noise  spectmm  in  the  low  frequency  range  (below  IkHz  typically),  a  com¬ 
parison  with  the  experimental  results  can  be  easily  made. 

In  papers^’^  theoretical  and  experimental  noise  power  spectra  were  reported  for  various 
light  intensities  and  wavelengths  at  room  temperature.  A  fair  to  good  agreement  was  found 
both  for  the  shape  and  the  intensity  of  the  noise  spectra.  In  the  present  paper  a  new  check 
of  the  theory  is  made  by  comparing  its  results  with  the  experimental  ones  taken  at  a  lower 
temperature  (-45 'C),  where  a  rather  drastic  change  of  the  photocurrent  relaxation  time  Zj 
takes  place.  As  in  the  case  of  the  room  temperature,  z^  is  nearly  independent  of  the  light 
wavelength  X  except  when  X  =  X^ ,  where  an  abrupt  change  of  Zj  of  almost  one  order  of 
magnitude  is  observed.  is  the  critical  light  wavelength,  con-esponding  to  a  photon  energy 
equal  to  the  photoconductor  energy  gap.  For  CdS  is  equal  to500«/?2  ,  and  thus 
experimental  and  theoretical  results  are  reported  for  two  values  of  X  slightly  above  and 
slightly  below  X^ ,  i.e.  51022m  and  490  nm. 
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PHOTOCONDUCTION  MODEL  AND  NOISE  POWER  SPECTRUM 


In  this  section  we  very  briefly  summarize  the  results  of  the  theory  developed  in  [1], 
Reference  is  made  to  the  relative  photoconductance  fluctuation  power  spectrum  under 
steady  illumination  : 


<|5((o)r->  ^  ,2l<S(co)>|- 

5  '  •  «,+2  •  (Agf ^ 


(1) 


The  meaning  of  the  symbols  is  the  following: 

-  g  is  the  contribution  to  the  conductance  G  of  the  device  of  a  single  electron  in  the 
conduction  band. 


-  Ag  is  the  average  increment  of  conductance  related  to  the  change  of  barrier  height 
due  to  the  excess  ionization  of  a  single  deep  donor  center  (or  due  to  a  trapped 
hole)  during  its  lifetime  x^, 


-x^  is  the  average  lifetime  of  an  electron  in  the  conduction  band  of  the  photoconductor, 

related  to  trapping  processes  in  shallow  centers, 

-  is  the  average  number  of  the  ionized  deep  donor  centers  or  trapped  holes  in  the 
illumination  condition  determining  the  conductance  G, 

is  the  relative  weight  of  the  ionized  centers  of  type y,  whose  lifetime  is  Xj\  in  the 
same  illumination  conditions. 


Finally  the  quantities  <|  5  (co)  p>  and  |<  S  (co)  >|"  represent  respectively  the  average  of  the 
square  modulus  and  the  square  modulus  of  the  average  of  the  Fourier  transform  of  a  square 
conductance  pulse  of  unitary  amplitude  and  duration  x^'^ .  The  distribution  of  the  x^^^, 
which  are  the  individual  electron  lifetimes  in  the  conduction  band,  is  discussed  in  [1]  and 
corresponds  to  the  one  given  in  the  literature  to  describe  g-r  and  ///noise  components. 
The  second  term  within  square  brackets  in  eq.  (1)  represents  the  photoinduced  noise 
component  produced  by  the  banner  fluctuation  while  the  first  term  is  an  intrinsic  noise 
generated  by  trapping-deti-apping  processes  in  shallow  centers  of  free  electrons  within  the 
photoconducting  material.  As  stated  in  the  previous  section,  the  photoinduced  component 
dominates  the  whole  noise  spectmm  in  the  low  frequency  range,  i.e.  approximately  below 
2KHz,  and  contains  only  quantities  obtainable  from  experiments. 

Actually  |<  S  (co)  >p  /xj  is  very  nearly  a  constant,  whose  value  is  1/2;:,  Ag  is,  by  definition, 
the  derivative  of  the  conductance  G  with  respect  to  Uj,  and  can  be  expressed  in  terms 
of  the  photon  flux  [1]: 


=  (2) 

In  this  equation  is  the  quantum  efficiency  coefficient  for  the  considered  wavelength 
and  Xj  the  average  photocuixent  relaxation  time,  defined  as  the  ai'ea  to  hejght  ratio  of  the 
relaxation  pulse  following  a  brief  pulse  of  light  superimposed  to  the  bias  illumination. 
The  photoinduced  noise  specmim  tj/c^cu)  thus  becomes 
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(3) 

with  ^jCij  =  1. 

Let  us  assume,  as  a  first  approximation,  that  the  photocun*ent  relaxation  is  characterized 
by  a  single  exponential  decay  with  time  constant  given  by  Eq.  (3)  becomes: 


\|/£(a)) 


1  +  coM 


If  the  temperature  T  is  changed  and  noise  spectra  are  taken  at  a  constant  value  of  the  device 
conductance  G  by  adjusting  the  light  intensity,  then  in  eq.  (4)  the  quantity  which  would 
be  mostly  affected  by  the  temperature  change  is 

1.0* _ , - , - , - , - ^ -  Actually,  at  medium  to  high  illumination 

ox-610  T--46-C  values  (rtjr>  10"  photons  when  the 

IV  °  x-610  T-+20|d  relation  between  G  and  becomes  linear 

irV  *  t*+2o-c  owing  to  the  feedback  effect  of  the  injected 

\\  electron  charge  on  the  barrier  height  ,  if 

o  ll  \  electron  mobility  is  little  affected  by  the 

\  0.5  -ft  -  change  of  the  temperature,  both  Ag  and 

<  \\  can  be  considered  independent  of  T.  The 

•A  strong  variation  of  Zj  with  temperature  is 

\\  shown  in  fig.  1,  where  the  photocurrent 

*\^  relaxation  pulse  are  reported  for  two  X 

values  slightly  below  and  slightly  above 

0.0 - ' - ' — at  r  =  20°C  and  at  T  =  -45®C .In  both  cases 

0  5  10  15  20  25  30  ,  , 

the  value  of  G » AG^  was 


I  15 
t  [ms] 


5.5  ♦  10"^5  .According  to  eq.  (4),  in  the  range 
Fig.l  Normalized  photocurrent  relaxation  pulses  at  of  frequencies  where  CO'X^  »  1  (frequencies 
T  =  20°C  and  at  r  =  for  two  X  values  slightly  larger  than  a  few  Hz  typically),  when  tern- 
above  and  slightly  below  the  critical  wavelength  X^.  perature  is  changed,  the  spectral  power 

density  of  the  photoinduced  component 
behaves  as  l/z^iT). 


Since  generally  increases  when  T  decreases,  a  reduction  of  the  photocurrent  noise  is 
expected  when  temperature  is  lowered,  such  a  behaviour  is  in  full  agreement  with  the 
experiments.  Quantitative  results  are  reported  in  figs.  2  and  3,  which  show  the  spectra 
calculated  from  eq.  (3)  by  evaluating  Ag  and  from  photoconductance  vs.  light  intensity 
and  wavelength  measurements  and  by  taking  into  account  the  distribution  of  the  time 
constants  x^l  Numerical  values  refer  lo^ gif)  =  47t'TG(f^) 

These  quantities,  together  with  their  relative  weights  were  obtained  by^fitting  the  non 
exponential  relaxation  pulses  with  a  sum  of  exponential  functions.  Even  if  in  principle 
this  fitting  is  unique,  in  practice  good  fittings  can  be  obtained  with  different  sets  of  values 
of  Xj  ^  and  aj.  Since  these  different  sets  give  only  slight  differences  in  the  theoretical  spectra, 
it  is  possible  to  choose  a  set  of  values  of  x^^  such  that  their  inverses  are  uniformly  distributed 
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within  the  range  of  O)  values  delimiting  the  power  spectrum  and  to  evaluate  the  Oj  by  fitting 

the  relaxation  pulse.  All  these  data  for  T  =  20°C  and  T  =  -45°C  are  given  in  the  figure 
captions.  The  conductance  G  was  in  both  cases  G=5.5  10"^  S. 


Fig. 2  Experimental  and  calculated  power  spectra  of 
the  relative  conductance  fluctuation  at  7  =  20°C  for 
X  =  5l0nm  and  for  X  -  490nm .  Experimental  values 
of  the  parameters  for  X  -  490nm  are:  2  10^^  s'^ 

cm\  Ag  =  2.5  10*’'  S,  7  lO’;  a^’^=0.339, 
a^=^=0.468,  a'M.193;  t?>=7.7/7W, 

Ti/^=1.6wandforX  =  510/2/n  are:«/=5.5  10”  5*  cm'^, 
Ag  =  2.5  10-'^  S,  n^7  10’;  a”^=0.777,  a®=0.2l6, 
a^^^=0.007;  t4”=400wz5, 

The  calculated  spectra  refer  to  the  photoinduced 
noise  component  only. 


Fig. 3  Experimental  and  calculated  power  spectra  of 
the  relative  conductance  fluctuation  at  r  =  -45°C 
for  7.  =  51022m  and  for  X,  =  490m«.  Experimental 
values  of  the  parameters  for  X  =  490/2m  are:  22^=  1 . 1 
10’- 5’  cm\  Ag  =  2.5  lO”^ S, 72^ 7  10’;  a”^=0.657, 
a’'’^=0.243,  a^'’=0. 1;  tS,”=7177W,  t<;^=1.677W 

and for7.=  SlO/zm  are:/2/=5.5  10’^ 5”  cm^,  Ag  =2.5 
10”^  S,  72^7  10’;  a’”=0.979,  a^^^=0.020,  a^^^=0.001; 
t^”=400772j,  '6J^-4()7ns,'6J^=4ms, 


CONCLUSIONS 

In  this  paper  we  have  presented  a  set  of  preliminary  experiments  on  the  photoconductance 
noise  in  CdS  based  photoconducting  devices  concerning  the  behaviour  of  the  noise  power 
spectrum  vs.  temperature.  The  results  have  been  compared  with  the  theoretical  ones 
obtained  by  a  theory  developed  in  a  previous  paper  and  a  good  quantitative  agreement  has 
been  found  without  the  introduction  of  free  parameters.  A  more  complete  check  over  a 
more  extended  range  of  values  of  light  intensity  and  temperature  is  going  to  be  developed. 
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SOURCES  OF  1/f  NOISE  IN  HgCdTe  METAL- INSULATOR-SEMICONDUCTOR 
CHARGE  INTEGRATING  STRUCTURES 

Wenmu  He  and  Zeynep  (^elik-Butler 
Southern  Methodist  University,  Department  of  Electrical  Engineering 
Dallas,  Texas  75275  USA 

ABSTRACT 


We  investigated  the  possible  origin  of  1/f  fluctuations  in  HgCdo.7lTeo.29 
(Eg=0.254  eV  at  90  K)  Metal-Insulator-Semiconductor  (MIS)  charge  integrating 
structures.  These  structures  are  used  for  infrared  detection,  usually  in  conjunction  with 
a  correlated  double  sampling  (CDS)  circuit.  By  varying  the  reset  voltage,  the  inject 
pulse  voltage  in  the  CDS  circuit  and  the  charge  integration  time,  we  were  able  to  change 
the  charge  well  size,  the  magnitude  of  the  dark  current,  and  the  position  of  the  electron 
Quasi-Fermi  levels  at  the  semiconductor  -  insulator  interface,  which  enabled  us  to 
investigate  the  role  of  each  in  generating  1/f  fluctuations  in  these  structures.  Bulk  and 
surface  mechanisnis  were  considered.  In  the  light  of  the  experimental  data,  dark  current 
originated  bulk  mechanisms  were  ruled  out  as  the  origin  of  1/f  fluctuations.  Interface  - 
trap  originated  charge  fluctuations  theory,  on  the  other  hand  yielded  values  for  HgCdTe 
-  ZnS  interface  states  which  were  comparable  to  that  obtained  by  other  independent 
techniques. 


a) 


b) 
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Reset  Pulse 
Clamp  Pulse 
Inject  Pulse 
Sample  Pulse 


Figure  1.  The  measurement  set-up  and  the  puise  sequence  for  CDS. 


INTRODUCTION 

The  MIS  structure  becomes  a  detector  when  a  voltage  is  applied  to  the  metal  gate 
such  that  a  depletion  is  formed  under  the  dielectric  in  the  semiconducmr.  This  layer  can 
be  also  viewed  as  a  potential  well  for  minority  carriers  where  charge  is  collected  due  to 
generation  from  the  infrared  radiation  through  the  transparent  metal  gate.  Carriers  are 
also  generated  in  the  inversion  layer  through  what  is  called  a  dark  current.  Charge 
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accumulated  due  to  radiation  should  be  far  in  excess  of  the  charge  due  to  the  dark 
current  for  the  IR  detector  to  operate  properly. 


During  Inject 


(a) 


Right  After  Inject 
(Deep  Depletion, 
Empty  Well) 

(b) 


Figure  2.  The  energy  band  diagram  for  a  p-  substrate  MIS  structure  during  inject  pulse  (a), 
right  after  Inject  pulse  (b),  and  after  integration  of  charge  (c). 


The  most  common  signal  processing  technique  used  in  conjunction  with  these 
devices  is  the  Correlated  -  Double-Sampling  (CDS)  Technique^  which  samples  the 
charge  in  the  potential  well  before  and  after  the  integration  of  charge  due  to  infrared 
radiation  (IR),  thus  providing  an  output  voltage  that  is  proportional  to  the  difference  of 
voltages  between  these  times.  Figure  1  shows  the  operation  and  diagram  of  the  CDS 
circuit.  The  energy  band  diagram  of  the  HgCdTe  -  ZnS  interface  is  shown  in  Figure  2 
during  different  stages  of  charge  integration  in  dark.  Inject  pulse  is  used  to  repel  the 
inversion  charge  away  from  the  semiconductor  -  insulator  interface  such  that  a  deep 
depletion  is  present  (empty  well)  right  after  the  inject  operation.  This  prepares  the  well 
for  charge  integration  due  to  IR  generated  carriers  or  due  to  the  carriers  generated  by 
dark  current  if  the  detector  is  not  subjected  to  any  IR  radiation.  As  charge  accumulates 
in  the  well,  the  energy  band  diagram  relaxes  to  the  inversion  state. 

In  our  experiment,  we  measured  the  output  voltage  noise  power  spectral  density  as 
a  function  of  reset  voltage  Vr  and  inject  pulse  voltage  Vj  at  different  charge  integration 

times, ^  Tj,  while  the  device  is  under  90  K  (=device  temperature)  thermal  background 
radiation  (dark)  or  subjected  to  300  K  IR  radiation.  The  system  and  photon  noise 
contributions  were  subtracted  from  the  measurements  to  obtain  the  MIS  noise.  Then  the 
transfer  function  of  the  CDS  circuit  and  the  equivalent  capacitance  of  the  circuitry  were 
used  to  convert  the  voltage  noise  to  charge  noise.  The  results  and  analyses  are 
presented  in  the  next  section. 


RESULTS  AND  ANALYSIS 

The  MIS  structures  were  fabricated  in  Texas  Instruments  on  LPE  grown 
HgCdo.7lTeo.29  (Eg=0.254  eV  at  90  K)  which  was  intrinsically  Hg-vacancy  doped  p- 
type.  The  surface  was  passivated  with  anodic  sulfide  followed  by  1200  A  of  ZnS 
deposition  as  a  gate  dielectric.  The  gate  metal  was  35  A  aluminum.  The  transparent  gate 
dimensions  were  10  x  20  mils  (25.4  x  50.8  jam).  All  reported  measurements  were  done 
at  90  K.  The  clocking  frequency  f^  was  23  KHz.  The  pulse  durations  were  less  than  1 

fisec.  Two  different  clamp  to  sample  times  (xj)  were  used:  4jasec  and  30  jasec.  30  ^tsec 
corresponded  approximately  to  full  well  under  300  K  background  radiation.  The 
system  noise  was  subtracted  from  the  measured  spectral  density.  At  least  8  averages 
were  taken  for  each  noise  spectrum. 

Figure  3  shows  charge  noise  power  spectral  density  at  2  Hz  versus  inject  voltage  Vi 
for  4  jas  integration  time  when  the  device  is  under  300  K  background  radiation. 
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Figure  3.  Charge  noise  power  spectral  density  at  2 
Hz  for  4  }is  integration  time  under  300  K  radiation. 


The  noise  magnitude  does 
not  change  significantly 
with  reset  voltage  whereas 
it  shows  a  noticeable 
increase  with  inject 
voltage.  Although  not 
shown  here,  similar  trend 
was  observed  for  the 

frequency  exponent  y  of 

the  1/H  spectral  form,  y 
was  observed  to  increase 
from  0.8  to  1.6  as  the 
inject  voltage  was  varied 
from  2.75  to  3.5  V,  while 
changes  in  the  reset 
voltage  was  found  to 

cause  no  effect  on  y.  Similar  observations  were  made  for  measurements  in  dark. 

The  role  of  dark  current  was  also  investigated  for  1/f  fluctuations  in  these 
structures.  In  our  devices,  the  dominant  source  of  dark  current  was  depletion  region 
generated  minority  carriers.  Since  this  current  source  is  a  function  of  the  depletion 

region  width  and  therefore  the 
reset  voltage,  we  saw  an  increase 
in  the  measured  dark  current  with 
increasing  reset  voltage.  (Figure 
4)  There  was  no  corresponding 
increase,  however,  in  the 
measured  1/f  noise  magnitude. 
When  the  inject  voltage 
dependence  was  investigated,  the 
dark  current  was  found  to  be 
independent  of  Vi,  whereas 
charge  noise  power  showed  a 
strong  functional  dependence  on 
Vp  These  observations  support 
the  fact  that  1/f  fluctuations  in 
these  MIS  structures  do  not 
originate  from  depletion  region 
generated  minority  dark  current. 

We  also  investigated  the  possible  surface  origin  of  the  observed  charge  fluctuations. 
Using  McWhorter  Theory^,  the  charge  noise  power  spectral  density  was  calculated 
based  on  trapping  and  detrapping  of  charge  from  HgCdTe  -  ZnS  interface  states  3,4. 
The  effective  interface  trap  density  Nieff  was  extracted  (Figure  5)  using  the  expression:3 
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L  -*  Q 


Reset  Voltage  (V) 

Figure  4.  Dark  current  density  and  charge  noise 
spectral  density  at  2  Hz  vs  reset  voltage. 
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Where,  q  is  the  elementary  charge,  A  is  the  device  area,  k  is  the  Boltzmann  constant,  T 
is  the  temperature,  and  a  is  a  parameter  that  depends  on  dielectric  barrier  height,  a  was 
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taken"^  as  4.6  x  10'^  cm-^.  The  computed  Nteff  from  the  equation  above  is  an  average 
value  for  that  energy  range  that  the  Quasi-Fermi  level  Epn  for  electrons  sweeps  during 
charge  integration.  Since  in  dark,  the  quasi-Fermi  level  sweep  is  small  (less  than  0.1 
meV  for  30  [is  integration  time),  Sq  values  measured  in  dark  were  used  to  obtain  more 
accurate  interface  state  values.  The  trap  distribution  in  Figure  5  is  about  an  order  of 
magnitude  higher  in  value  than  that  measured  by  Schiebel^  on  MISFETs  of  similar 
band-gap  HgCdTe.  It  is,  however,  in  the  same  range  with  the  interface  state  values 
measured  on  much  smaller  band-gap  HgCdTe  by  conventional  capacitance  and 
conductance  methods^  if  the  traps  are  assumed  to  be  distributed  in  the  dielectric  up  to  a 
few  angstroms. 

Nteff  changes  with 
surface  treatment. 
Therefore,  there  might 
not  be  much  scientific 
merit  in  making  direct 
comparisons  between 
different  structures. 

In  conclusion,  we 
investigated  the  origin  of 
1/f  noise  in  the 
integrated  charge  in 
HgCdTe  MIS  infrared 
detectors.  Our 
experimental  findings 
agree  withe  predictions 
of  the  McWhorter 
theory. 
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ULTRASHORT  COMBIh4ED  INTERFEROMETER  IN  MULTIMODE 
RESONANT  BAR  GRAVITATIONAL  WAVE  DETECTORS 


V -  V -  Kulagin 

Sternberg  Aetronomical  Institute,  Moscow  State  University 
Uni versitetsky  prospect  13,  119S99,  Moscow,  Russia 

ABSTRACT 

High  sensitive  optical  transducer  For  resonant  bar 
gravitat ional  wavs  detectors  with  three  mechanical  modes 
is  proposed-  Sensitivity  oF  such  gravitational  antenna 
to  metric  perturbation  could  be  about  the  potential  limit 

cF  10  “  For  helium  temperature  bar. 

INTRODUCTION 

Potential  sensitivity  oF  resonant  bar  detectors 
(minimal  detectable  metric  perturbation  h^  due  to 

gravitat ional  wave)  is  about 

h  -  lO  (1) 

P 

For  helium  temperature  bar  and  usual  parameters  oF 
antenna.  However,  such  sensitivity  did  not  obtained  yet 
because  oF  noises  oF  modern  transducers.  The  present  peper 
is  dedicated  to  optical  transducer  which  make  it  possible 
to  achieve  the  sensitivity  (1)  in  Weber  type  detector  with 
three  mechanical  modes. 

BAR  DETECTOR  WITH  SEVERAL  MECHANICAL  MODES 


One  oF  the  way  to  enhance  the  sensitivity  is  to  use 

1 

several  small  masses  binded  elastically  to  the  bar  .  Then 
For  optical  readout  system  one  could  obtain  the  Following 
sensitivity 


h  . 
min 


^  -i/(4n) 

h  a 
P 


(2) 


where  n  —  total  number  oF  mechanical  modes,  a— G  /G  ,  G 

B  L  B 

and  G  —  spectral  densities  oF  the  bar  Brownian  noise 
L 

and  photon  noise-  For  modern  parameters  oF  antenna  Factor 

a  is  about  10  -10  (For  laser  power  10  mwt  and  number 
of  reFlections  N=10> .  Then  one  could  obtain  that  n  must  be 
larger  than  6  For  potential  sensitivity  could  be  achieved. 
However,  sensitivity  (2)  is  obtained  For  optimal  mass 
ratio,  and  then  For  the  smallest  mass  one  could  get  (M 
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bar  mass) 


m  =  Ma 


i  n—l  >  /n 


and  -tar  n=h  one  could  obtain  m=10  *''Vl  that  is  hardly 
achievable  in  experiment- 

OPTICAL  READOUT  SYSTEM  WITH  VERY  HIGH  SENSITIVITY 

Another  way  to  achieve  the  potential  sensitivity  is 
to  use  two  or  three  mechanical  modes  detector  with  optimal 
mass  ratio  and  very  sensitive  optical  readout  system,  such 
ultrashort  UJ.ul  mm)  Fabry—Perot  i nterPerometer  with 
very  large  number  oP  reflections  N  and  operation  point  on 

O 

the  slope  of  transmission  curve  (one  mirror  of  optical 
resonator  is  attached  to  the  smallest  mass  and  another  one 
to  the  bar  end).  Then  t heoret ical ly  sensitivity  could  be 
xar ge  enough  (up  to  potential),  however  one  must  take  into 
consideration  frequency  noise  of  the  laser.  For  relative 

frequency  stability  q  about  and  minimal  lenqth  of 
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Iciser,  L  -  bar  length) 


A/i-  = 


is  two  orders  of  magnitude  larcer  than  h  - 

P 

ULTRASHORT  FABRY-PEROT-MICHELSON  INTERFEROMETER 


Limitation  (4 


:Guid  b< 


Michel son 


i  ntef  fef  ornttei’  with  two  ultrashort  Pabr  y — Perot  resona.tor 
in  its  arms-  Then  for  sensitivity  one  could  obtain 

h  .  =  2qA,/(LN)  (5 

mm- 


IiO  this  case  one  must  adjust  Fabri— Perot  resonators  to  the 
top  of  the  transmission  curve  so  that  phase  modulation  of 
transmitted  laser  light  would  take  place-  Transmitted 
beams  of  Fabry-Perot  resonators  from  two  arms  must  be 
mixed  at  the  photodetector ,  It  is  worth  mentioning  that 
reference  Fabry— Perot  resonator  could  have  another 
physical  length  than  measuring  one-  The  only  condition  is 
that  optical  lengths  of  two  resonators  are  equal. 
Therefore  for  reference  resonator  one  could  use  stable 
monolithic  resonator  with  several  number  of  reflections 
and  appropriate  length-  For  example  if  the  length  of 
ultrashort  resonator  is  about  0.01  mm,  then  for  N=10  000 


the  length  of  ref 
reflections. 


erence  reso 


;culd  be 


in 
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CONCLUSION 

In  conclusion  the  ultimate  sensitivity  o-F  resonant 
bar  antenna  v^ith  three  mechanical  modes  and  -Foregoing 

_2n 

optical  readout  system  could  be  about  10  tor  helium 

temperature  bar=  Useful  properties  of  such  optical  readout 
system  are  eas'/ness  of  adjustment,  lotv  sensitivity  to 
seis-mic  and  acoustic  noises  and  possibility  of  integral 
real i zat ion, 

REFERENCES 

J.  P.  Richard,  J.  Appl.  Phys. ,  2202  <19SS). 

*  Libono-  Conf-  on  Neitrino  Astrophysics j  Takayma, 

October  (1992). 


BURST  NOISE  IN  FORWARD  CURRENT  OF  LATTICE-MISMATCHED 
InP/InGaAs/InP  PHOTODETECTORS 
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ABSTRACT 


Burst  noise  (BN)  data  of  forward  biased  lattice-mismatched  InP/InGaAs/InP 
photodetectors  are  presented.  Voltage  and  temperature  BN  dependencies  in  both  time 
and  frequency  domains  suggest  that  the  BN  is  due  to  an  excess  current  which  flows 
through  a  localized  leakage  site  and  is  modulated  by  an  action  of  a  metastable  defect. 

INTRODUCTION 

Burst  noise  (BN)  has  previously  been  observed  in  forward  k2  and  reverse  ^ 
biased  p-n  junctions.  We  have  recently  reported  on  low  frequency  noise  including  the 
burst  noise  in  reverse  biased  lattice-mismatched  InP/InGaAs/InP  photodetector 
arrays. In  this  paper,  the  investigation  of  BN  in  forward  direction  is  presented. 

RESULTS 


A  typical  diode  has  been  choosen  for  detailed  BN  analysis  in  both  time  and 
frequency  domains.  The  diode  structure  is  described  in  Ref.5.  In  figure  1  we  present 
current  (Ip)  and  burst  noise  amplitude  (Ibn)  dependences  on  forward  bias.  Both  Ip  and 
Ibn  vary  exponentially  with  the  bias  up  to  0.3  V  and  then,  Ip  is  limited  by  the  diode 
series  resistance  and  Ibn  tends  to  saturate.  In  the  exponential  region,  we  approximate  Ip 
and  Ibn  by  ^ 


If(BN)  =  Kexp 


(1) 


(AEp(BN)-qUF) 

mF(BN)kBT 

where  K  is  a  weakly  temperature  dependent  coefficient,  ke  the  Boltzmann  constant,  T 
the  temperature,  q  the  electron  charge.  Up  the  forward  bias,  AEf(bn)  and  mp(BN)  (mp 
=1.04,  mBN=L22  at  297K)  are  respectively  the  thermal  activation  energies  and  ideality 
factors  of  the  current  (F)  and  BN  amplitude  (BN).  AEp  determined  from  the  saturation 
current  temperature  dependence  is  0.74±0.02eV.  The  Arrhenius  plot  of  Ibn  1/T  at 


two  biases  and  the  apparent  activation  energies  AEa  (lBN=Kexp[-AEA/kBT])  are  shown 
in  figure  2.  Using  (1),  AEbn  has  been  estimated  from  AEa  at  0.3V  (Fig.2)  to  be 
0.58±0.03eV.  In  figure  3,  a  typical  BN  waveform  is  shown.  It  can  be  seen  that  the 
BN  is  superposed  on  a  chaotic  (1/f)  noise  background  and  that  the  BN  pulses  are 
clustered  into  groups  of  pulses  giving  rise  to  intermittent  longer  pulses  of  the  "on"  BN 
state  (t+).  We  have  measured  the  pulse  width  distributions  by  using  a  computer 
controlled  system  and  a  software  elimination  of  the  effect  of  the  chaotic  background 
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Up(V)  1000/T(1/K) 


Fig.  1.  Current  If  and  BN  amplitude  Ibn  Fig.  2.  Temperature  dependences  of  BN 
as  function  of  forward  bias,  T=297K.  amplitude  at  two  different  biases. 

noise.  The  pulse  width  distributions  in  both  BN  states  exhibit  nearly  exponential 
statistics  (fig.4).  From  the  slope  of  the  distribution  we  have  determined  the  mean  pulse 
widths  <t+>  and  <t->.  In  figure  5,  voltage  dependences  of  <t+,->  show  that  <t+> 
decreases  exponentially  with  the  applied  bias,  while  <t->  is  bias  independent.  Besides, 
both  <t+>  and  <u>  increase  with  decreasing  temperature  as  seen  in  the  Arrhenius  plot 


Pulse  width(s) 


Fig.  3.  Typical  current  fluctuation  AI  vs  Fig.  4.  Pulse  width  distributions  N(t+^~) 
time  At  at  Uf=1  .3 V,  T=297K.  at  1 .3 V  with  exponential  fits.  The  inset  is 

the  time  expansion  of  N(t-),  T=297K  . 


Fig.  5.  Voltage  dependences  of  mean  Fig.  6.  Temperature  dependences  of 
pulse  widths  <t+,->  at  T=297K.  mean  pulse  widths  <t+,.>  at  Uf=0.9V. 
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respectively.  Noise  power  spectral  density  (Sj)  measurements  have  been  performed  at 
room  temperature  for  different  bias  polarizations  (fig.7).  At  each  bias,  the  spectrum 
shows  a  distinct  Lorentzian-like  component  superposed  on  a  noise  background  (b 
varies  between  1.15  and  1.34  in  the  frequency  range  f=0.1-10Hz).  The  values  of  both 
the  thermal  and  shot  noises  are  negligible.  The  theoretical  Lorentzian  shape  depends  on 
BN  parameters  as  follows  ^ 


Si(f) = 


^(Ibn)^ _ <t>^ 

(<t->  +  <t+>)  l  +  [27C<t>ff 


(2) 


where  <t>'^  =<t+>'l+<t->'l.  Note,  that  the  theoretical  turnover  frequency  ft  (ft  = 
1/(27C  <t>)  is  limited  by  the  shortest  time  constant  (<t->  in  our  case).  So,  the  fact  that  ft 

does  not  move  significantly  with  the 
applied  bias  (fig.7)  is  consistent  with 
bias  independence  of  <t->  (fig. 5). 
However,  two  differences  from  the 
theoretical  prediction  are  apparent.  First, 
the  slope  of  the  Lorentzian  of  the 
measured  spectra  after  the  turnover 
frequency  has  l/f^  character  with  c 
between  1. 1-1.3  in  Ik-lOkHz  range, 
which  is  far  from  the  predicted  value  of 
c=2.^  Second,  the  measured  ft  (600-800 
Hz)  is  shifted  to  higher  frequencies 
10’^  10^  10*  10^  10^  10"^ compared  to  the  assumed  value  of  ft  = 

f(Hz)  l/(27t<t->)=  40-160HZ  for  <t->=l-4  ms 

taken  from  figure  5.  These  differences 
Fig.  7.  Noise  power  spectral  density  Si  could  be  explained  by  the  theory  of  the 

frequency  f  at  four  different  biases.  clustering  Poisson  process  because  the 

pulses  grouped  into  clusters  (fig.3)  can 
result  in  1/f^  (c=0-2)  spectrum  behavior  and  can  also  shift  the  turnover  frequency.^*®*^ 

DISCUSSION 


We  suppose  that  the  BN  is  caused  by  a  modulation  of  an  excess  current  (EC) 
which  is  superposed  on  the  dominant  diode  diffusion  current  (mp^l).  We  consider  that 
Ibn  is  directly  related  to  this  EC.  Moreover,  the  value  of  AEbn  (0.58eV)  lower  than 
AEp  (0.74eV  which  is  related  to  InGaAs  gap)  suggests  that  the  EC  flows  through  a 
leakage  path  with  a  reduced  barner.k2  This  can  be  due  to  a  band-gap  narrowing  at  a 
localized  site  caused  by  a  dislocation  crossing  the  p-n  junction.^  Indeed,  dislocations 
are  present  in  the  studied  structures.^  On  the  other  hand,  the  voltage  and  temperature 
dependences  of  <t+^->  suggest  that  the  modulation  of  the  EC  can  be  caused  by  a 
charge  fluctuation  of  a  defect  located  at  or  near  the  leakage  site.^  The  decrease  of  <t-f> 
with  Up  could  be  related  to  voltage  dependent  capture,  while  <t->  can  be  a  bias 
independent  emission  time  constant.^  However,  the  large  activation  energies  of  <t+^-> 
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are  difficult  to  be  explained  by  this  model  because  a  very  large  defect  lattice  relaxation 
have  to  be  considered.^  Therefore,  we  may  take  into  account  a  BN  model  where  the 
charge  change  is  controlled  by  a  structural  reconfiguration  of  the  defect  and  not  by  the 
carrier  capture  and/or  emission.^®  In  this  case,  the  mean  pulse  width  activation  energies 
correspond  to  barrier  energies  for  the  defect  reconfiguration.  Here,  the  decrease  of 
<t+>  with  Up  can  be  explained  by  a  defect  reconfiguration  induced  by  an  energy 
transfer  from  excess  current  carriers  to  the  defect.^®  On  the  other  hand,  an  alternative 
BN  model  can  be  considered  where  BN  is  due  to  a  defect  assisted  tunneling  through  a 
bistable  defect  (located  in  the  high  field  region  due  to  a  dislocation)  with  different 
tunneling  rates  in  each  defect  state,  However,  we  have  not  a  clear  evidence  about  the 
tunneling  nature  of  the  excess  current  although  an  exponential  behavior  of  tunneling 
current  in  forward  direction  is  reported.^^  Independently  on  the  used  BN  model,  we 
suppose  that  the  clustering  of  BN  pulses  can  be  related  to  a  complex  metastable 
character  of  the  defect  controlling  the  BN.^*"^ 

In  conclusion,  the  present  study  shows  that  useful  informations  are  obtained 
from  the  BN  behavior  in  forward  direction.  Investigations  are  in  progress  to  establish 
the  physical  nature  of  the  forward  excess  current  and  its  relation  to  the  previously 
revealed  EC  in  the  reverse  direction  which  clearly  exhibits  tunneling  components.^-^ 
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The  contribution  of  electrode  to  Ijf  noise 
in  SPRITE  LWIR  detectors 
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I  .INTRODUCTION 

SPRITE  detector  with  special  configuration  is  a  good  object  for  studying  l{f 
noise  phenomena.  Our  laboratory  have  obtained  the  Hooge  parameter  around  a  jf^=3.4x 
for  n-MCT(xH). 2)  from  the  experiments  of  SPRITE  and  photoconductoP'^ ,  which  are 
different  from  aj^SxlO^-^  given  by  Dr.  II. I.  Hanafp  in  varieties  MCT  devices.  About 
electrode  noise,  there  are  a  lot  of  works  in  both  theories  and  experiments. 

This  paper  represents  the  dc  characteritics,  low  frequency  noise  of  SPRITE 
detector,  and  their  relationship,  and  provides  a  proof  of  influence  of  electrode  to 
the  Ijf  noise  levels. 

I  ,  EXPERIMENTS 


Several  samples  of  LongWave  InfraRed  SPRITE  with  horned  coTitacts  are  made 
from  x=0.2  n-MCT.  The  C-contact  is  grounded;  The  0-contact  is  a  potential  probe 
without  current  for  signal  read-out;  The  B-contact  hold  positive  potential  to  maintain 
a  electric  field  (typically :30V /cm)  in  the  filament.  SPRITE  performance  depends  on  the 
bias  field  strongly,  the  electrode  has  to  afford  to  a  large  current  density.  The  contact 
noise  often  dominates  the  device  noise,  and  makes  degeneration  of  SPRITE 
performances. 

The  I-V  characteritics  both  for  B-C  contacts  and  for  0~C  contacts  are  tested.  Fig. 2 
shows  four  groups  of  typical  data.  For  92S65-2BC  it's  linear,  but  for  92S30-7BC 
nonliear,  particularly  at  low  bias  field.  The  resistance  R  is  given  by: 


R.  = 


A/, 


..,-l,0,l,...,n-l) 


- (1) 
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Fig. 3(a)  indicates  that  I-V  characteritics  is  straight  line  then  leads  to  smooth 
resistance  curves  nearby  zero-bias.  At  high  field,  R^I  is  upward  a  little  due  to 
sweepout  of  carriers.  On  the  contrary,  the  nonlinear  I-V  characteritics  for  poor 


contact  brought  i2~/  curves  with  sharp  peak 
A  linearity  parameter  is  defined  as: 

~  Ro  _  _  _  _  -^9) 


Generally,  the  low  freequence  noise 
spectrum  intensity  can  be  expressed  for 
homogenous  samples  : 

SM)  -JT  - 

where,  y=2  and  ^=1  is  common  for 
regular  device,  k  is  a  constant  associated 
with  device  characteritics. 

The  spectrum  of  low  frequency  noise 
was  measured  at  a  constant  dc  bias  voltage 
(e.g:  E=-30Vlcm)  (Fig. 4(a) ,(h)) .  The  poor 
contact  induces  additional  Ijf  noise,  and  p 
arises  to  about  1.5^  2.5.  But  the  spectum 
of  ohmic  contact  should  hold  Ijf  law 
(^^0.85-^1.15). 


Fig. 3(b)  Resistance  of  B-C  (Abnormal) 


in  near-zero  bias  field. (  Fig. 3(b), (c)). 


Fig. 3(a)  Resistertics  of  B-C  (Normal) 


Fig.  3(c)  Resistance  of  0-C  contacts 


450  Contribution  of  Electrode  to  I//*  Noise 


The  curves  of  versus  bias  voltage  at  30,8Hz  and  77K  are  plotted  in  Fig.5(a),(b)  . 
For  poor  contact  it's  observable  that  the  voltage  noise  drops  to  a  certain  value  with 
increasing  bias  field,  then  increases  again.  The  noise  spectrum  intensity  of  good 
contact  rises  steadly  as  general. 

The  SJV-^  results  are  displayed  in  Fig.6(a) ,(b) .  For  good  contacts  SJV^  tested 
almost  is  a  constant  between  B~C  contacts,  but  for  poor  contacts  reduces 

dramaticly  with  increasing  bias  field.  Neverthless,  for  0-C  contacts,  is  a 

function  of  electric  field  strength  for  both  good  and  poor  contact.  (Fig. 6(b)) 


Fig. 4(a)  Noise  spectrum  of  B-C  contacts 


Fig. 4(b)  Noise  spectrum  of  0~C  contacts 


Fig.5(a)  vs.  bias  of  B-C  contacts  Fig.5(b)  vs.  bias  of  0-C  contacts 


a/(j)  s 
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I  .THE  RESULTS  AND  DISCUSSION 

We  discuss  the  Hooge  empirical  formula-^  as: 

SjFt(f)_  O’  ■H'  _ /^\ 

N  f 

If  R  independs  of  electric  field,  then  6  6  R  for  homogenious  sample  and  ohmic 

contacts,  we  have: 

SjR(f)  S^(f)  O.  _ 

~  N  f 

Thus,  in  equation  (3)  the  parameter  y  should  be  2. 

1.  The  resistance  R  in  equation  (4)  is  the  function  of  V  (  refers  to  Fig.3(b)) ,  which 
causes  that  S„IV ^  curves  in  Fig.  6(a)  has  marked  rising  for  B—C  contacts.  At  high 
field  (  Lj  \x  «  t  J ,  carrier  in jection  at  poor  contacts^  can  be  neglected,  the 
adding  Ijf  noise  is  minimized  due  to  carrier  sweepout. 

2.  In  most  samples  SJV^  of  O-C  contacts  depends  on  the  applied  field  for  both  good 
and  poor  contact  due  to  carrier  sweepout.  The  carrier  in  the  read-out  region  will  be 
more  than  other  place  of  the  filament.  The  total  number  N  increase  with  increasing 
bias  field.  According  to  equation(4)  SJV"^  will  be  decreased. 


Fig. 6 (a)  SJV^  of  B-C  contacts 


Fig. 6(b)  SJV^  of  0-C  contacts 
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S.The  performance  and  noise  charactertics  of  testing  samples  are  listed  in  Tab. I,  thermal 
carrier  concentration  nd=5xl0^^  cm~^  and  excess  carrier  nt.=5xl0^^  cm~^  generated  by 
BOOK  background  and  30°  FOV.  D"  is  blackbody  detectivity  .The  bias  field  is  BOVjcm.The 
subscript  1  refers  to  B-C  contacts,  2  refers  to  0-C  contacts.  In  Tab.  \  ,  o.  is 

calculated  for  B-C  contacts  and  N-no  LWd,  a  for  0-C  contacts  and  N=(no-^nb  )  IWd. 

It's  obvious  that  ohmic  contact  devotes  to  high  performance  and  low  Ijf  noise,  the 
Hooge  parameters  are  to  10  .  The  poor  contact  yields  the  larger  Hooge 

parameter  than  Hooge  constant  (  2x10  ^  ). 

TAB.I  PERFORMANCE  and  NOISE  CHARACTERTICS 


Elemeat  No. 

D- 

0  3 

n  1 

^  113 

y  1 

^  a 

RPW6  2/T1620-'< 

1.  3x10“ 

... 

1.  03 

5.  6x10’“ 

<10? 

<10% 

92S66-8 

8.  8x10'" 

1.  02 

0,  94 

1,  2x10’“ 

8.  2x10'“ 

20% 

18% 

92S65-2 

8,  0x10'" 

0,  98 

1.  07 

6.  OxIO'- 

2.  4x10-'* 

18% 

17% 

92S3I-7 

7.  2x10'" 

1,  03 

0.  89 

8.  OxlO-” 

2,  6x10-“ 

-130% 

-63% 

RPW62/T1980-4  ^ 

7.  0xl0‘“ 

0.  94 

0.  95 

3,  9x10  '' 

9.  8x10'“ 

11% 

10% 

92S40*2 

B.  Exl0’° 

0,  87 

I.  36 

1.  4x10-" 

1.  8il0"“ 

-30% 

-8% 

92S31-8 

2,  3xl0‘" 

2.  60 

2.  63 

4.  2x10-" 

1.  2x10’" 

-193% 

-173% 

92S31-1 

I,  9x10'" 

2.  60 

2.  46 

3.  2x10-' 

1.  1x10"“ 

-218% 

-266% 

IV  .CONCLUSION. 

The  low  frequence  noise  of  n-MCT  SPRITE  LWIR  detecter  shows  some  complicate. 
For  the  poor  contact,  the  electrode  noise  dominates  Iff  noise.  The  noise  spectrum  does 
not  hold  Ijf  law,  the  performance  of  device  is  degraded,  and  SJV-^  depends  on  applied 
electric  field. 

The  SPRITE  detector  with  good  contact  have  a  Ijf  spectrum  as  expected.  The  Hooge 
parameter  a  ^  ^10^^ ^  SxlO~^ ,  less  thun  the  constant  given  by  Dr.  Hooge  in  1969. 

But  for  0-C  contacts  of  SPRITE,  the  SJV^  dependend  on  bias  for  both  good 

contact  and  poor  contact,  because  of  sweepout  and  integration  of  carriers.  The  further 
studies  are  expected,  for  existing  noise  theory  couldn't  give  a  perfect  explanation. 
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ELECTRICAL  AND  OPTICAL  NOISES  IN  OPTOELECTRONIC 
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R.  ALABEDRA,  B,  ORSAL 

Centre  dElectronique  de  Montpellier,  Universite  Montpellier  II,  34095  Montpellier  cedex  2 ,  FRANCE. 

ABSTRACT 

In  the  first  part  of  this  paper  the  electrical  noise  of  the  photodiodes  are  summarized.  In  the  second 
part  the  electrical  and  optical  noise  of  the  laser  diodes  are  presented  taking  into  account  the  correlation 
between  the  both  noise  sources.  In  the  last  part  the  prospective  aspects  for  the  new  researches  in  noise  of 
optical  amplifiers  are  briefly  reviewed. 


INTRODUCTION 

During  the  last  decade  the  improvements  in  semiconductor  lasers,  receivers,  detectors  arrays, 
amplifiers  and  other  optoelectronic  devices  are  very  significative.  Semiconductor  optoelectronic  devices 
have  now  imported  all  major  fields  of  information  technology.  The  applications  of  optoelectronics  are 
storage,  processing,transmission,  memory,  computer,  etc...  Signal  and  data  transmission  need  a  major 
resolution  with  the  advent  of  optical  fiber  communications.  The  optoelectronic  devices  are  Light  Emiting 
Diode  (L.E.D.),  Avalanche  Photo  Diodes  (A.P.D.),  Charge  Coupled  Devices  (C.C.D.)  etc... The  optical 
components  are  optical  fibers,  optical  amplifiers,  filters,  direction^  couplers  and  the  set  of  linear  and  non¬ 
linear  optical  passive  components. 

So  the  basic  studies  are  very  extensive  with  the  advent  quantum-Well  optoelectronic  Devices,  for 
example  the  Multi-Quantum-Well  Avalanche  Photodiodes  (M.Q.W.A.P.D.)  or  Quantum  Well  Lasers 
(Q.W.L.D.).  The  investigations  on  III-V  and  II- VI  materials  are  very  important  in  order  to  obtain  the 
optical  spectrum  from  X  rays  to  infra-red  wavelengths. 

The  main  purpose  of  this  paper  is  to  present  some  current  ideas  on  the  electrical  and  optical 
noises  of  photodetectors  and  laser  diodes  in  their  applications  in  optical  fiber  telecommunications,  in 
consequence  an  introduction  to  noise  of  Erbium  doped  fiber  optical  amplifiers. 

I  NOISE  IN  PHOTODIODES 

I-l  Basic  consideration 

The  photodiodes  are  light  current  transductors  and  so  can  detect  optical  signals.  A  general 
behaviour  of  photodiodes  biased  in  reverse  condition  has  basically  three  processes : 

i)  carrier  generation  by  absorbed  photons. 

ii)  carrier  transport  without  or  with  multiplication  by  impact  ionization. 

iii)  interaction  of  photocurrent  with  the  external  circuit  to  provide  the  output  signal. 

Several  parameters  are  required  in  order  to  design  P.I.N.  photodiodes  as  photodetectors  in  optical 
communication  systems.  There  parameters  are  for  example  : 

-  a  strong  electric  field  to  serve  to  separate  the  carriers, 

-  a  narrow  space  charge  to  reduce  the  transit  time, 

-  nevertheless  a  wide  enough  space  charge  in  order  to  have  a  good  quantum  efficiency, 

-  a  small  active  surface  to  reduce  the  capacitance  of  junction  favorising  the  gain-bandwidth 

product, 

-  a  hight  absorption  coefficient  aab(expressed  in  cm'^)  at  the  working  wavelength  k, 

-  a  smaller  dark  current  as  possible, 

-  no-tunneling  effect, 

-  no  1/f  noise  in  obscurity  current  and  photocurrent, 

-  a  good  responsitivity  Co{X)  in  A/W. 

1-2  Noise  in  nhotodiodes 

In  this  section  we  shall  separate  the  noise  study  in  two  parts  :  the  noise  of  the  device  under  obscurity 
condition  and  the  noise  under  illuminated  condition  because  we  will  distinguish  between  the  dark  current 
and  the  photocurrent.  We  also  shall  consider  at  this  present  time  only  excellent  devices  which  one  can 
find  currently  in  the  modem  systems. 

L2-1)  Noise  in  P.IJN.  photodiode 

1-2- 1-1)  Noise  in  obscurity  condition 
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For  an  optimized  device  without  leakage  current,  as  well  known  in  the  classical  description^,  the  device 
exhibits  a  shot  noise  given  by  : 


Si(f)dark  =  2qldark  « 

Of  course  the  shot  noise  sets  a  lower  limit  to  the  noise  in  dark  current. 

1-2- 1-2)  Noise  under  illumination  condition 

1-2- 1-2 -a)  P.I.N.  photodiodes  illuminated  bv  typical  light  sources  (  filament  Lamps  or 
Lambertian  sources) 

In  this  case  the  light  sources  do  not  bring  with  their  noise  sources  and  the  total  number  of  photo 
electrons  produced  during  any  time  interval  is  much  smaller  than  N  Atomes,  and  the  individual  ionization 
processes  are  statistically  independent  In  other  words  the  number  of  photons  obeys  Poisson  statistics. 

The  total  noise  in  this  situation  will  be  the  shot  noise  as  following  : 

S.(0  ,  =  S.(f),  ,  +S.(0  .  , 

r  ^total  1  dark  i  phot 

T  i*t 

S.(f)  ,  =2q[I  ,  +  I  u  J 

r  ^total  ^  dark  phot 

Where  it  is  assumed  no  correlation  between  the  photogenerated  and  thermal  generated  carriers. 
The  ideal  situation  is  obtained  when  the  dark  current  is  much  smaller  than  photocurrent.  For  P.I.N, 
Silicium  photodiode  at  X  =  0,9  pm  the  dark  current  is  about  lO'l  ^  A  and  the  working  photocurrent  about 
10”^  or  10"2  A.  This  is  not  always  the  case  for  infra-red  photodiodes  designed  in  small  gap  materials.  Of 
course  the  shot  noise  is  the  lower  limit  to  the  total  noise 

I-2-l-2-b)  P-I.N.  photodiode  illuminated  bv  non-tvpical  light  sources 
When  P.I  photodiodes  are  illuminated  by  laser  diodes  the  beam  light  can  bring  a  noise  source  which  is 
caracterized  by  Relative  Intensity  Noise  (R.I.N.). 

This  term  describes  the  fluctuations  of  laser  diodes  optical  power  by  following  relation  ^ : 

S.  .  -  2ql  .  (4) 

R.I.N.  =-‘25^5 - Eh  (Hz-l) 

ph 

So  if  the  P.I.N.  photodiodes  are  illuminated  with  a  thermal  lamp,  Siph  is  equal  to  shot  noise  and  R.IJ^. 
becomes  equal  to  0.  This  optical  noise  source  will  be  discussed  in  the  second  part  of  this  paper. 

At  last  the  recent  theoretical  analysis  of  the  squeezing  phenomenon  and  especially  the  balanced 
homodyne  detection  scheme  used  for  its  observation,  have  led  a  renewed  interest  in  the  shot  noise  present 
in  the  photocurrent  and  photoelectric  detectors  Quantum  mechanical  description  is  used  as  a  general 
expression  for  noise  in  the  photocurrent  even  in  the  case  of  non-classical  states  of  the  radiation.  In  this 
case  the  total  noise  may  actually  fall  below  the  shot  noise  (classical  limit)  that  indicating  the  presence  of 
non-classical  features  of  the  radiation  field  such  as  antihuching  or  squeezing 
1-3  Noise  in  Avalanche  P.I.N.  photodiodes 
1-3- 1-)  Bagic.CQnsidgmtiQn 

The  Avalanche  photodiodes  are  P.I.N.  photodiodes  which  exhibit  an  internal  multiplication  of  carriers  by 
impact  ionization.  There  devices  are  strongly  reverse  biased  in  order  to  obtain  the  high  Electric  field 
region  between  5.10^  and  6.10^  V.cm’^  according  to  the  type  of  materials.  Several  theoretical  and 
experimental  studies  have  been  reported  for  various  structures'’^.  In  low  noise  photodetection  application 
only  multiplication  process  at  low  electric  field  is  very  useful  in  order  to  obtain  a  great  difference  between 
ionization  coefficients  a(E)  and  P(E)  (in  cm"^)  of  electrons  and  holes  respectively. 

Currently  there  are  two  groups  of  A.P.D.  structures, 

i)  classical  A.P.D.  homoiunction  or  heteroiunction  such  as  S.A.MjXP.D.  that  is  Separated  Absorption 
Multiplication  Avalanche  Photodiode  where  the  ionization  by  impact  is  non  localized 


(A2/Hz)  (2) 

(A2/Hz)  (3) 
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ii)  Multi  Quantum  Well  Avalanche  Photodiode  or  Superlatice  Avalanche  detector  where  the  ionization  by 
impact  are  localized  in  stages 

Briefly  the  principal  theories  of  ionization  process  by  impact  have  been  developped  by  Schokley  Wolf 
Baraff  Ridley  and  so  on...  for  various  values  of  electric  field  in  order  to  obtain  the  expressions 
of  a(E)  and  P(E). 

1-3-2)  Noise  in  non  localized  multiplication  process 

It  is  well  known  that  the  A.P.D  noise  conventional  expression  is  refered  to  the  PhotoMultipIier  Tube 
(PMT)  noise  given  by  : 


Si(f)  =  2qlinj  (M)2  (a2/Hz)  (5) 

Where  Ijnj  is  the  injected  current  and  M  the  average  multiplication  factor 

Therefore  in  the  AP.D. ,  where  the  multiplication  process  concerns  the  both  types  of  carrier,  the  noise  is 
given  by : 


Si(f)  =  2qIinj(M)2.F(M)  (6) 

Where  F(M)  is  called  the  exess  noise  factor.  The  excess  noise  factor  is  a  useful  quantity  because  it 
compactly  represents  the  statistical  properties  of  the  gain  fluctuations  that  introduce  multiplication  noise; 
in  all  cases  F(M)  strongly  depends  from  values  a(E),  p(E)  or  k  =  P(E)  /  a(E).  In  the  literature  several 
authors  have  proposed^’^  various  theories  relative  to  the  statistical  treatment  of  the  avalanche  process  and 
the  noise  in  A.P.D.  in  order  to  determine  F(M).  For  example  the  Me  Intyre  theory^  permits,  statistically 
speaking,  all  the  possibilities  of  the  impact  ionization  compatible  with  thickness  W,  the  a  and  p 
ionization  coefficients  without  any  limit  of  the  random  impact  ionization  number  given  by  the 
probability  laws.  In  the  case  of  Van  Vliet  theory^  based  on  discrete  device  physics,  the  M  and  variance 
[M]  are  obtained  by  method  of  recurrent  generating  functions.  In  this  approach  the  noise  is  always  lower 
than  the  Me  Intyre  limit,the  latter  being  approached  to  within  5%  for  gains  of  the  order  of  100  or  higher 
and  the  noise  versus  (M)  shows  break  points  when  the  regime  changes  from  N  to  N+1  possible 
ionizations  per  carrier  transit 

1-3-3)  Noise  in  multilayer  avalanche  photodiodes 

An  essential  requirement  for  low  noise  avalanche  photodiodes  is  to  have  a  large  difference  between  the 
ionization  coefficients  a  and  p.  There  are  two  ways  to  obtain  this  large  difference.  First ;  the  main  mean 
to  obtain  high  k  or  1/k  materials  is  to  use  the  III-V  or  U-VI  ternary  or  quaternary  alloys  which  exhibit  a 
high  k  for  a  given  value  of  stochiometric  composition  such  as  Gai-xAlxSb  APD^^  or  Hgi-xCdxTe^^. 
In  this  case  the  ionization  coefficients  a  and  p  material  parameters  depend  on  the  semiconductor  band 
structure.  Second :  one  can  obtain  high  k  values  by  designing  new  class  of  APD  using  the  Band  Structure 
Engineering  such  as  Multi  quantum-  Well  Avalanche  Photodiode  (MQWAPD)l^  or  Staircase  Avalanche 
Photodiodes 

The  staircase  A.P.D.  is  a  sophistical  structure  with  a  periodical  distribution  of  graded  gap  wells.  We  have 
a  ballistic  only  by  electrons  ionization  process  repeated  at  each  stage.  The  noise  approach  proposed  by 
Capasso^^  is  the  same  like  for  the  P.M.T  but  the  variance  of  the  random  gain  at  each  stage  is  5(5-1)  if  5 
is  the  fraction  of  electrons  which  do  not  impact-ionize.  Thus  the  excess  noise  factor  after  Capasso  is: 

F(n,5)=,.^M^  C7) 

Where  N  is  the  number  of  stages. 

Recently  a  Generalized  Excess  Noise  Factor  for  Avalanche  Photodiodes  of  Arbitrary  Structure  is  proposed 
by  Hakim  Saleh  and  Teich^  The  authors  consider  a  generic  multilayer  avalanche  photodiode  model  that 
admits  arbitrary  variation  of  the  band  gap,  dark  generation  rate  and  ionization  coefficients  within  each 
stage  of  the  device.  Their  formalism  follows  the  usual  assumption  that  the  ability  of  a  carrier  to  ionize 
other  carriers  is  independent  of  the  carrier's  history.  Their  calculations  make  use  of  Me  Intyre's  general 
approach  and  they  relax  the  restriction  that  the  multiplication  assume  a  Bemouilli  form  with  infinitesimal 
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small  success  probability  in  the  limit  of  an  infmitesimal  distance.  Their  generalized  multilayer  structure 
used  for  their  calculation  is  shown  in  figure  1  ^  ^ . 


0 

L/2 

L/2 


Figure  1 :  Generic  model  used  for  generalized  Excess  noise.  Factor  for  Avalanche  Photodiode  after  Hakim 
et  al^  ^  with  number  M  of  identical  stages  of  width  L  and  number  N  of  substages  of  width  d  ^ . 

This  theory  is  applied  to  : 

i)  Conventional  Avalanche  Photodiode  APD  (see  table  1) 

ii)  MultiQuantum-WeU  Avalanche  Photodiode  MQWAPD 

iii)  Staircase  Avalanche  Photodiode. 

by  assuming  that  the  number  of  photons  at  the  input  of  the  detector  is  a  Poisson  distribution.  For 
example  with  this  theory  in  the  continuous  limit,  the  formula  (22-d)of ^  1  is  a  version  of  the  expression 
obtained  by  Me  Intyre^.  That  incorporates  both  injected  and  dark  generated  carriers.  The  carrier's  history  is 
taked  into  account,  a(x)  and  P(x)  become  a(x,x’)  and  13(x,x')  respectively  to  reflect  the  ionization 
probabilities  of  a  carrier  at  the  point  x  when  it  was  generated  at  the  point  x'.  In  this  case  the  authors 
introduce  a  "dead  space"  which  prohibits  the  carrier  from  multipliyng  within  a  certain  distance  of  its 
birthplace 

In  this  paper  we  give  some  results  obtained  on  three  MBE  Grown  MultiQuantum  Wells  A.P.D.  with 
thickness  of  0.5,  0.2  and  2  |im  and  consisting  of  25,  10  and  20  periods  of  GaAs  Wells  and  Alo.4Gao.6As 
barriers  with  thickness  of  100  -  100  A  and  500  -  500  A  respectively  in  order  to  compare  Me  Intyre's^  and 
Hakim's  1  ^  theories.  These  results  are  reported  on  table  1  in  the  case  of  an  electron  injection^^ 


Table  1^0 


kg  =  ^ :  Hakim  ^  ^ 

PIN 

MQW 

cb 

lOoA/iooA 

ratio  k,  kg 

0,15'<k<  0,25 

0,1<  ks<  0,25 

Multiplicationf 

factor 

7<  M<  14 

3.105  V/cm  <  F  <  3,2  10^  V/cm 

5<M<18 

2,7  105v/cm<  F  <3,3  lO^V/cm 

Schottky 

MQW 

(fe 

lOoA/iooA 

ratio  k,  kg 

0,l<k<0,15 

0,1  <  kg  <0,25 

Multiplication 

factor 

M=  4 

F  =  3,7  10^  V/cm 

M  =  4 

Fm  =  4  105  V/cm 

PIN 

MQW 

(fe 

5OOA/5OOA 

ratio  k,kg 

0,15  <  k  <  0,25 

0,1  <  kg  <  0,2 

Multiplication 

factor 

4  <  M  <  10 

1,8  10^V/cm<  F  <  2,2  lO^V/cm 

2  <  M  <  10 

1,5  lO^V/cm  <F<  2  10^  V/cm 

Where  P  and  Q  in  Hakim's  theory  represent  the  electron  and  hole  ionization  probabilities  per  stage 
respectively. 
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In  conclusion  we  notice  that  the  results  obtained  by  both  theories  are  of  the  same  order  of  magnitude.  It  is 
certainely  due  to  the  accuracy  of  the  design  of  the  devices.  The  second  remark  is  that  one  must  keep  in  the 
mind  that  the  quality  of  the  interfaces  between  each  stage  provide  a  non  negligible  1/f  noise 
In  spite  of  everything  it  seems  that  Hakim's  theory^  ^  is  well  suited  to  study  of  multilayer  A.P.D. 
(Multiplication,  current  and  noise,..). 

II  ELECTRICAL  AND  OPTICAL  NOISE  IN  LASER  DIODE  AND  THEIR 

CORRELATION 

Several  kinds  of  noise  are  often  generated  in  semi  conductor  lasers  because  of  the  wideband 
response  characteristics  of  carrier  density  fluctuations.  1/f  noise,  mode  hopping  noise  or  mode  partition 
noise  are  troublesome  :  these  kinds  of  noise  impede  attempts  to  improve  optical  coherence^^. 


Some  studies  have  been  made  in  order  to  introduce  the  low  and  medium  frequency  noise  as  a 
characterisation  parameter  with  the  fluctuations  of  the  carrier  density  of  lasers.In  addition  to  the  static 
characterization,  noise  measurements  are  performed  on  these  devices.  We  show  in  the  low  and  medium 
frequency  range  (1  Hz  <  f  <  10  MHz)  the  Terminal  Electrical  Noise  (TEN)  of  several  laser  structures;  V- 
Groove  ,  D.F.B  ,  RIDGE  ,  S.Q.W.  lasers,  etc.  So  additional  data  can  be  obtained  in  order  to  specify  and 
characterize  semiconductor  lasers,  for  instance  using  electrical  noise  to  qualify  the  noise  behaviour  of 
laser  diodes^^. 

On  one  hand,  the  Terminal  Electrical  Noise  (TEN)  is  due  to  the  fluctuations  of  the  laser  voltage 
V(i(t)  and  is  given  by  the  voltage  noise  spectral  density  Sy^j  (V^/Hz).  In  our  case,  Sy^j  can  be  written 
as^^  : 


Sv.(f)  =  4kTRs  +  (M^  < 

noAf 


(8) 


M  =  2  + 


2V^Vol  Ny  Ne^ 


(9) 


where  N^  ,  Ny  are  the  effective  conduction  and  valence  band  densities,  k  is  the  Bolzman's  constant,  T  is 
the  absolute  temperature,  nQ  is  the  steady  state  carrier  density,  An(f)  is  the  fluctuation  of  carrier  density, 
Vol  is  the  volume  of  the  active  layer  and  Rg  is  the  series  resistance.  The  first  term  gives  the  thermal 
noise  due  to  the  series  resistance  Rg. 

On  the  other  hand,  the  optical  noise  is  due  to  the  fluctuations  of  the  optical  power  Pqp^  of  the 
laser,  related  to  the  fluctuations  of  the  detected  photocurrent  Iph(t)»  given  by  the  photocurrent  spectral 
density  Sjpj|(A^/Hz)^'^  : 


Siph  (a2/Hz)  =  .  Spopt  (W2/H2)  (10) 

In  order  to  analyse  the  noise  behavior  of  the  laser,  we  used  the  experimental  set  up  shown  in  another 
work. 

In  the  first  channel  we  measure  Syj  thanks  to  a  voltage  amplifier,  connected  in  parallel  with  the  laser 
diode.  With  the  second  channel  we  measure  Ipjj  and  Sjpij,  through  a  standard  InGaAs  PIN  photodiode, 
respectively  via  the  DC  and  AC  outputs  of  a  current  amplifier.  Possible  optical  feedback  due  to  the 
second  charmel  is  suppressed  by  an  optical  isolator  when  we  measure  simultaneously  the  electrical  noise 
spectral  density  Sy^j  and  the  photocurrent  spectral  density 
II-  1  An  important  result  ;  1/f  Optical  noise 

The  1/f  noise  in  the  light  output  of  laser  diodes  imposes  a  maximum  achievable  signal  to-noise 
ratio  (S/N)  in  high  frequency  narrow-band  applications.  The  1/f  noise  in  the  light  output  has  been 
explained  by  Fronen  and  Vandamme  in  terms  of  uncorrelated  fluctuations  in  gain  and  spontaneous 
emission^^.  The  dependence  of  the  spectral  noise  density  Sp  on  the  average  output  power  <P>  is 
expressed  by 
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Spa<P>"^  00 

Two  possible  noise  sources  were  put  forw2^  :  fluctuations  in  the  optical  absorption  coefficient  or  in  the 
number  of  carriers^^.  Either  source  can  explain  the  observed  values  of  m.  Experiments  on  a  multimode 
laser  show,  for  the  value  of  the  exponent,  m  =2/3  in  the  LED  region,  m  =  5/2  in  a  narrow  transition 
region,  m  =  4  in  the  superradiative  region  and  0  <  m  <  1  in  the  laser  region,  A  steeper  increase  in  the 
noise  with  m  =  6  to  7  has  been  found  in  the  superradiative  region  of  monomode  lasers.  This  deviates 
very  considerably  from  the  calculated  and  experimentally  observed  dependence  with  m  =  4  in  gain-guided 
lasers. 

They  showed  that  m  =  6  to  7  is  caused  by  the  onset  of  external  cavity  modes.  This  situation  can  be 
prevented  by  using  an  optical  isolator.  To  explain  the  1/f  noise  in  the  laser  region,  Fronen  and 
Vandamme  have  made  the  assumption  that  the  coherent  emission  makes  no  significant  contribution  to 
the  1/f  noise  in  the  total  emission.  Subsequently,  the  noise  above  threshold  depends  only  on  the 
noncoherent  emission  and  the  noise  obeys  the  relation  which  is  just  below  threshold^. 

TT-2  Experimental  results:  electrical  noise  study  (1  Hz  <;  f  <;  IQ  MHz) 

Spectral  densities  of  the  electrical  voltage  noise  as  a  function  of  the  frequency  are  shown  in 
figure  2-a  at  20®C  and  for  five  laser  currents  II  equal  to  9,  11,  26,  30  and  65  mA.  For  9  and  65  mA,  the 

noise  spectra  are  classical :  1/f  electrical  noise  (f  <  10^  Hz)  and  white  noise.  For  Il=30  mA  we  observe 
the  mode  hopping  noise,  which  is  attributed  to  the  suppression  of  one  mode  because  it  is  spent  lasing  by 
the  other  mode.  The  insert  shows  time  dependence  of  voltage  and  optical  noises,  given  by  V(j(t)  and 
Iph(t)  respectively. 


Figure  2-a  Figure  2-b 

II-3  Experimental  results:  optical  noise  study  fl  Hz  <  f  <;  IQ  Mtlzl 

Spectral  densities  of  the  optical  noise  as  a  function  of  the  frequency  are  shown  m  figure  2~b. 
Comparing  figures  2-a  and  2-b,  we  notice,  for  each  polarization  current,  a  tight  correlation  between  the 
two  noise  sources. 

The  figures  3-a  and  3-b  show  respectively  the  electrical  noise  Syd  ^4  the  optical  noise  Siph 
versus  laser  current  1^.  These  noises  are  strongly  correlated.  The  fine  structure  observed  at  high 
polarizations  in  the  behavior  of  both  noises  can  be  explained  by  the  mode  hopping  noise  phenomenon 
{see  figures  2 )  described  by  Ohtsu  and  al^^. 
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II-4  Rate  equationa 

All  these  results  can  be  explained  by  using  the  noise  equivalent  circuit  of  a  semiconductor 
multimode  laser  derived  by  the  rate  equation  taking  into  account  Me  Cumber's,  Harder’s,  Yamada's  and 
Andrekson's  theories^^’^^*^^.  The  noise  equivalent  circuit  of  a  semiconductor  multimode  laser  diode  is 
derived  from  the  rate  equations  including  Langevin  noise  sources  fn(t),  fs(t)  and  1/f  noise  sources  fni/f, 
fsi/f  taking  into  account  Rob  Fronen  and  Vandamme's  iheory^^  as  : 

I  =  ^  ^  SkSk  +  l„  (t)  +  f„i/f  (t)  (12) 

^  ^  k=l 


^  =  gkSk  +  7k^  -  +  fsk(0  +  fskl/f  (0 


1  <  k  <  p 


(13) 


Figure  4 

Each  optical  mode  adds  a  parallel  branch  in  the  equivalent  circuit  where  the  current  i^^ 
corresponds  to  the  photons  of  the  signal  in  the  k^  mode  .The  gain  of  the  k^^  mode  in  the  linear 
approximation  is  given  by  ^  : 

Sk  =gok  +  Ak"ik  (14) 


By  computation  we  obtain  the  noise  sources  ij|(t)  and  Vj,(t)  in  relation  to  the  fluctuations  of 
carrier  number  n  and  photon  number  s  : 


in(t)  =  C^fn(t)  +  f„i/f(t)] 

"o 

vnk(0  =  q  gok  L  [fsk(t)  +  fskl/KOJ 


(15) 

(16) 


Yj  is  KT/q,  C  is  the  usual  diffusion  capacitance  of  the  junction  and  gQj^  (s‘^)  is  the  steady  state  optical 
gain  of  the  k^  mode  in  the  equivalent  circuit . 

Zgq  is  the  low  frequency  equivalent  impedance,  R  the  differential  resistance,  Rgg  the  resistance  related 
to  the  spontaneous  emission  ratio  10"4  .  is  the  threshold  current. 
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We  have  computed  the  spectral  density  (0  of  the  electrical  noise  : 
11-5  Electrical  and  Optical  Noise  Spectral  Densities 


From  the  intrinsic  equivalent  circuit  and  the  knowledge  of  intrinsic  parameters,  the  noise 
modulation  characteristic  can  be  computed 


Sv^(0  =  is  the  voltage  noise  spectral  density 


Sas(1)  =  ^  is  the  photon  number  noise  spectral  density, 

where  Sn(t)  is  the  instantaneous  photon  number.All  these  parameters  have  been  computed  in  a  previous 
work.  At  low  and  medium  frequency:  10Hz<f<  10  MHz  ,we  can  consider  that  L(o«  and  »R. 


•icai  noise: 


;2 


S vdi/f=4kTRs4-—  Rs^  in^  + 


X 


Rse^.^  [  Rse]^ 


1  ...  MVt  _  gkMVx 

,  - -  with  Rf^  =  -  and  Rse^  =  - 

k=l  qno/AkSo+— j  qTsSQgo^  Ai^so+— 


— T  MVj  2  2 

'n  "  IV,  ^  f  *  ^n\/{  ' 


Vnk^  =(qgokL)  [  fsk^  +  fski/f] 


^  ^MV-p  T  r  r  *  r  r  *  1 

^n^nk  =  ^  ^  Sok  ^  [  ^n^sk  ^ 


(23) 
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Slch.,/«=J'-I^-V  =  'nh  C 


2  Af  Af 


(qgQso)  1+ 


1  Y 

We  observe  that  the  equations  Sy^j  and  Sjpj^  depend  on  the  same  noise  sources  ^  ^  and 


.  Here,  we  consider  only  the  1/f  and  white  noise  sources  and  the  cross  spectrum  =  0, 

but  when  the  hopping  noise  is  present,  is  not  equal  to  zero  because  the  population  of  each 

mode  is  not  independent.  Our  results  clearly  show  the  expected  correlation  between  the  electrical  noise 
and  the  optical  noise,  particularly  at  the  onset  of  stimulated  emission  and  with  an  excess  noise  source 
which  can  be  due  to  hopping  noise  or  1/f  noise. 

c^Mode  Hopping  Noise:  The  intensity  fluctuations  of  different  modes  are  negatively  correlated 
because  the  different  modes  are  competing  for  gain  from  the  electron  "tank"^^.  This  so  called  competition 
noise  significantly  reduce  the  signal  to  noise  ratio  in  communication  systems.  Longitudinal  mode 
hopping  is  associated  with  output  power  fluctuations  and  gives  excess  noise  both  in  the  optical  intensity 
noise  and  in  the  electrical  noise  (see  §  HI).  It  is  attributed  to  the  suppression  of  one  mode  by  the  decrease 
in  carrier  density  because  it  is  spent  lasing  by  the  other  mode.  This  phenomenon  is  driven  by  the 
randomly  generated  spontaneous  emission  that  works  as  the  triggering  force  for  lasing  the  other  mode. 
Intensity  fluctuations  follow  the  statistics  of  a  Poisson  process.  The  profile  of  the  power  spectral  density 
of  the  noise  can  be  approximated  as  a  Lorentzian  one^^.  This  fact  introduces  excess  noise  sources  which 
can  be  detected  by  electrical  and  optical  noise  measurements  (figures  3 -a  and  3-b)  on  the  low  and  medium 
frequency  range. 

in  NOISE  of  OPTICAL  AMPLIFIERS 

The  amplifier  noise  model  is  based  on  the  work  by  Simon^^  and  Olsson^^  .The  spontaneous 
emission  power  at  the  output  from  an  optical  amplifier  is  given  by: 

Psp=Nsp(G-l)hvBo  (25) 

Bq  is  the  optical  bandwidthT*sp  the  spontaneous  emission  power,Nsp  the  spontaneous  emission 
factor Jhv  the  photon  energy,  G  the  optical  gain.  For  an  ideal  amplifier  Nsp=l/or  an  Erbium  doped  fiber 
amplifier  Nsp=2.2  and  for  a  semiconductor  laser  amplifier  Ngp  ranges  from  1.4  to  4  depending  both  on 
the  pumping  rate  and  the  operating  wavelength.This  model  is  based  on  a  talk  given  by  P.S.Henry^^.We 
assume  an  optical  amplifier  and  a  detector  with  unity  quantum  efficiency  .After  square  law  detection  in  the 
receiver,the  signal  power  S  is  given  by: 

S=(GIsCiC2L)2  (26) 

Is  is  the  photocurrent  equivalent  of  amplifier  input  power ,Cj  amplifier  input  coupling  efficiency ,C2 
amplifier  output  coupling  efficiency,  L  Optical  loss  between  amplifier  and  receiver.  The  total  noise  N[q|. 


^tol”^shot‘^^sp-sp'^^s-sp'^^th 
The  different  terms  are: 
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Nshot=2BeqC2L(GIsCi-hIsp) 

(28) 

^sp-sp^®  e^^  1^2^^^^sp^  1^®  0 

(29) 

Ns-sp=Isp^2^L2Be(2Bo-Be)/Bo2 

(30) 

is  the  receiver  noise,  q  is  the  electronic  charge^e  the  electrical  band  width, I^p  the  photocurrent 
equivalent  of  the  spontaneous  emission  power,  the  shot  noise,  Njp.gp  the  spontaneous- 

spontaneous  beat  noise,  Ng.gp  the  signal- spontaneous  beat  noise.  A  schematic  of  amplifier  model  is 
shown  in  figure  5. 


A;i  application  :  optical  preamplifier 

Of  particular  interest  for  preamplifier  applications  is  the  receiver  sensitivity  dependence  of  the  amplifier 
gain,  noise  figure,  and  optical  bandwidth.  The  application  of  optical  preamplifiers  is  at  very  high  data 
rates  where  avalanche  photo  detectors  are  limited  by  their  gain-bandwidth  product.  To  make  the 
calculations  realistic  we  have  used  measured  values  for  the  receiver  and  amplifier  parameters.  The  value 
chosen  for  the  thermal  noise  current  corresponds  to  a  base  receiver  sensitivity  of  25  dBm.  At  low 
amplifier  gains  the  receiver  is  limited  by  the  thermal  noise  and  consequently  the  receiver  sensitivity 
improves  1  dB  for  every  decibel  of  gain.  For  higher  gains,  the  signal  spontaneous  and  spontaneous- 
spontaneous  beat  noise  becomes  dominant  and  the  best  achievable  receiver  sensitivity  depends  of  the 
optical  bandwidth  when  Bq  =  2Be  and  is  in  this  case  equal  to  -39.4  dBm. 

CONCLUSION 

Researches  in  photonics  and  photon-electron  interactions,  as  for  example  the  correlation  between 
electrical  noise  and  optical  noise,  will  become  more  and  more  important.  Indeed  opdc  will  take  place  in 
the  very  great  number  of  modem  systems.  For  instance,  in  the  case  of  optical  fibre  telecommunication 
networks,  the  noise  limits  the  number  of  photons  per  bit  which  is  about  400  photons  for  a  given  Bit 
Error  Rate  of  10"^,  while  the  theoretical  limit  is  about  40  photons. 
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ABSTRACT 

The  optical  amplifiers  are  formed  by  an  Erbium-doped  fiber,  opdcaUy  pumped  medium  by  a  high  power 
semiconductor  laser  emitting  in  the  980  nm  region.  The  pump  power  is  efficiently  injected  into  the  Erbium  fiber 
using  a  precision  wavelength  division  multiplexing  fiber  opdc  coupler  .  The  aim  of  this  paper  is  to  propose  a  noise 
study  of  InGaAs  /  GaAs  ridge  single  quantum  well  (SQWO  lasers  as  pump  lasers  . 

INTRODUCTION 

Several  kinds  of  noise  are  often  generated  in  the  semiconductors  lasers  because  of  the  wideband 
response  characteristics  of  carrier  density  fluctuations;  1/f  jiopping  mode  or  partition  noises  are  very  troublesome  in 
the  various  applications  of  the  Erbium  doped  Fiber  Amplifier  These  noise  levels  impede  from  improving  the 
optical  coherence  and  the  signal  to  noise  ratio  .  Several  studies  have  been  made  in  order  to  introduce  the  low  and 
medium  frequency  noise  for  transmitters  (for  example  DFB  lasers),  but  yet  nothing  concerning  the  strained  SQW 
lasers.  See  figure  1. 


Figure  1  :  Schematic  diagram  of  the  980  run  InGaAs/GaAs  Strained 
Single  Quantum  Well  Laser. 

EXPERIMENTAL  RESULTS: 

On  one  hand  ,  the  Terminal  Electrical  Noise  (TEN)  is  due  to  the  fluctuations  of  the  laser  voltage 
V(j(t)  and  is  given  by  the  voltage  noise  spectral  density  Syd  (V-/Hz),  as  : 


Sv  (0  -  4kTRs  +  (m  ^ 

^  .5  Af 

(1) 

(2) 

where  Nc  d^v  are  effective  conduction  and  valence  band  densities,  k  is  the  Bolzman’s  constant,  T  is  the 
temperature,  nQ  is  the  steady  state  carrier  density,  An(f)  is  die  low  and  medium  frequency  fluctuation  of  carrier 
density  and  R^  is  the  series  resistance.  The  first  term  gives  the  thermal  noise  due  to  R5. 

On  the  other  hand,  the  optical  noise  is  due  to  the  flucoiacions  of  the  optical  power  Popt  of  the  laser, 
related  to  the  fluctuations  of  the  detected  photocurrent  Ip[j(t),  and  given  by  the  photocunent  spectral  density  Sjpjj ; 

Siph  (a2/Hz)  =  .  Spopt  (w2/Hz)  (3) 

a  is  the  apparent  photodetector  sensitivity.  The  measurements  at  low  and  medium  frequency  of  the  electrical  and 
optical  noises  are  shown  figures  2  and  3.  We  oberve  the  presence  of  the  "mode-hopping"  phenomenon  in  the  strained 
SQW  lasers  at  30  mA  and  T=20‘^C.  It  is  found  the  same  frequency  dependence  both  on  the  eiectricai  and  the  optical 
noise  spectra  for  different  currents.  The  electrical  mode-hopping  noise  has  a  well  marked  Lorentzian  dependence.  The 
optical  mode-hopping  noise  has  been  observed  firstly  and  described  by  Ohtsu  et  al 
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(Hz) 


Sipik  (AZ/HZ)  Figure  2  :  Bectrical  noise  of  SQW  laser  for  different  bias  currents. 


Frvqn«Acy  (Hx) 

Figure  3  :  Optical  noise  of  SQW  laser  for  different  bias  currents. 

DISCUSSION 

a)-White  noise:  Physical  Interpretation  u  56 

To  explain  the  experimental  results,  we  can  use  a  theoretical  relation  based  on  Haug's  model  given  by  •  : 

Si  =  +  2qlL  +  4q2EvcSo  +  Sf^s  (4) 

Where  II  is  the  current  of  the  laser  diode  ,  iS  the  minority  carrier  diffusion  length,  d  is  the  active  layer  thickness. 
Eve  ^  absortion  rate  Sq  is  the  steady  state  photon  number . 

Involving  the  following  noise  sources  : 

-•••■/<  T  r  1  2 

-  the  thermal  noise  due  to  the  thermal  fluctuations  of  injected  minonty  earner  :  4qiL(.  ^  ) 

-  the  noise  source  due  to  the  effect  of  the  absorpdon  :  4q^EvcSo 

-  the  pure  shot  noise  effect  ;  2qlL 

-  the  light-field  fluctuations  :  ...  d 

If  we  transform  the  relation  (4)  in  voltage  spectral  noise  density  by  using  the  value  of  the  differenuai  resistance 
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b)-l/f  nois€: 

For  the  1/f  noise  measured  at  10, 100.800Hz, we  propose  a  model  based  on  the  same  idea  where  1/f  noise  sources 
are  independent  of  while  or  hopping  noise  sourcesJn  this  case  ,  the  equivalent  circuit  is  similar  to  the  one  proposed  by 
Harder  et  al  in  which  l/f  sources  take  place  of  white  noise  sources  ^.Thc  term  (o/NPI^^Rj^)  can  be  neglected  because 
a/N-10‘^2  and  Rs=3.50.See  Figure  6. 

T  \T  8 

*  ,1  .  noise  current  due  to  carrier  diffusion  given  by  the  Kleinpenning's  model  ®  , 


SEvc-l/f 


:  excess  noise  current  due  to  fluctuations  of  the  absorption  coefficient 
:  excess  noise  current  due  to  1/f  fluctuations  of  the  photon  number  S. 


Figure  6  :l/f  Noise  Equivalent  Circuit 

The  first  product  varies  as  predicted  by  LKJ.Vandamme  when  the  laser  current  is  lower  than  the  treshold 

current  Ith  :  Region  It  is  associated  to  the  fact  that  current  noise  spectral  density  Sji/f  varies  as  II.  The 

second  term  gives  the  excess  noise  due  to  the  fluctuations  of  absorption  coefficient  Ey^,  around  the  threshold  (see 
figures  4  and  5  )  :region  N“n  .  The  high  level  observed  at  12mA  is  due  to  mode  hopping  noise  which  appears 
around  the  threshold.  The  third  term  is  caused  by  the  excess  noise  of  the  light  field  because  fluctuations  of  the  photon 
number.-region  N‘’in.(12mA<lL<26mA):The  very  high  levels  mentionned  in  the  regionlV  are  due  to  the 

Hopping  Mode  effect,  particularly  around  30/36,45mA. 

The  same  behaviour  of  the  optical  noise  S]pj,i/f  is  observed  in  the  four  regions  : 
region  N°I  :  increasing  of  Sjpjji/f  as  :  spontaneous  emission. 

region  N°II  :  increasing  of  Sjpj,i/f  as  around  the  threshold  Ij|j=l  1.5mA,  just  before  the  stimulated 
emission.  This  behaviour  is  due  the  hopping  effect  which  appears  around  12  mA  and  disappears  after. 

region  N“III.(12mA<lL<26mA):We  observe  a  good  saturation  of  1/f  optical  noise  as  predicted  by  Fronen 

and  Vandamme^°.  It  corresponds  to  a  saturation  of  the  electrical  noise  Syi/f.  It  is  the  LASER  regime  which 
corresponds  to  a  good  saturation  of  1/f  optical  noise.  In  this  case,  the  white  noise  level  tends  to  the  SHOT  NOISE  of 
the  photocurrenL 

region  N°IV:Hopping  noise  is  shown  in  figure  5  ipicture  n®4  ,  Il=30  mA.see  also  figure  4. 

The  correlation  between  the  optical  and  electrical  noises  is  computed  for  low  and  medium  frequencies  using  the 
coherence  function 

.0  /fN  |Siph-Vd  (f)|^ 

Siph-Vd  spectrum  between  Sy^  and  Siph  . 

rONOLUSTON 

In  summary, the  noise  measurements  as  a  function  of  current  II  confirm  that  it  is  possible  through  only  the 
electrical  noise  to  detect  the  presence  of  hopping  noise  as  seen  on  the  figure  4.We  have  shown  that  the  Terminal 
electrical  noise  (T£J^.)  is  highly  correlated  to  the  optical  noise  and  the  electrical  noise  measurement  is  a  good  image 
of  the  behaviour  (or  the  defects)  of  the  light-field  fluctuations  (or  the  optical  power)  Jt  could  be  used  for  "in  situ" 
noise  characterisation  of  laser  diodes  without  any  optics  and  accompagnying  alignment  which  might  introduce 
undesired  optical  feedback^. 
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In  this  work,  the  influence  of  the  PBC  electrical  parameters  on  the  1/f  electrical  and  optical  fluctuations  is 
discussed.  The  frequency  range  is:(lHz-200KHz).The  correlation  between  these  two  of  noise  is  studied  at  lOHz. 
The  device  used  in  our  measurements  is  a  P-Inp  substrate  -1.3  iim  InGaAsP  /  InP  buried  crescent  (figure  1). 


Figure  1 


It  has  a  high  characteristic  temperature  (Tq  =•  60K)  which  is  mainly  attributed  to  the  following  reason  :  the 
leakage  currents  flowing  through  the  blocking  layer  adjacent  to  the  active  region  are  much  weaker  than  in  a  simple 
Buried  Crescent  (BC)  laser  This  point  is  very  important  for  noise  behaviour,  because  in  our  measurements  the 


Figure  2 

On  one  hand  ,  the  Terminal  Electrical  Noise  (TEN)  is  due  to  the  fluctuations  of  the  laser  voltage  V^jft)  and 


is  given  by  the  voltage  noise  spectral  density  Sy^j  (V^/Hz),  as  : 


Svj(f)  =  4kTRs  +  ^^Rs2lL2  +  Sy^(0  where  Svj(0  =  — ^ 


Vi^(0 


(1) 


V  j  is  the  RMS  noise  voltage  of  the  laser  junction.  We  must  consider  that  the  1/f  noise  source  related  to  series 
resistance  Rg  is  given  by  the  Hooge's  relation  The  laser  current  Ij^  is  the  mean  value  of  the  instantaneous  current 
ij:  II  =  <il>,  a  is  the  Hooge  parameter,  N  is  the  number  of  carriers  and  f  the  frequency  On  the  other  hand,  the 
optical  noise  is  due  to  the  fluctuations  of  the  optical  power  of  the  laser  Sp^pj.  related  to  the  fluctuations  of  the 
detected  photocurrent  IphO),  and  given  by  the  photocurrent  spectral  density  Sjph-  cr  is  the  apparent  sensitivity  of 
the  detector  (A/W). 

Siph(A2/H2)  =  o2,Spop,(w2/Hz)  (2) 
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The  noise  equivalent  circuit  of  a  semiconductor  multimode  laser  diode  (figure  3)  is  derived  from  the  rate 
equations  including  Langevin  noise  sources  fn(t),  f^ft)  and  1/f  noise  sources  f^j/f  ,  f^jyf  taking  into  account 
Rob  Fronen's  theory  as : 


1  =  5-^-  *  fn(0  *  f.l 


=  gkSk  +  Yk 


JL  .  _!k_ 

T^S  *  “tph 


+  fsk(0  +  fskl/f(0 


1  ^k<p 


•L  k 

'k 


h  4  ^  n 

l^jek 


loaiiludiDil  optical  modti  doteelof 

Figure  3 

Each  optical  mode  adds  a  parallel  branch  in  the  equivalent  circuit  where  the  current  iL  k 
corresponds  to  the  photons  of  the  signal  in  the  mode  .The  gain  of  the  k^  mode  in  the  linear  approximation  is 
given  by  ^  : 

gk=gok  +  Akn  (5) 

By  computation  we  obtain  the  noise  sources  ijj(t)  and  VQ(t)  in  relation  to  the  fluctuations  of  carrier  number 
n  and  photon  number  s  : 

i„(t)  =  C^(f„(t)  +  f„,/((l)  )  (6) 

W0  =  qgokLtfsk(0  +  fskl/f<0]  O) 

M  =  2  +  +  i)  (8) 

2V2V0I  Nc 

where  Nc  and  Nv  are  the  effective  conduction  and  valence  band  densities,  Oq  is  the  steady  stale  carrier  density,  An(0  is 
the  fluctuation  of  carrier  density,  V-p  is  KT/q,  C  is  the  usual  diffusion  capacitance  of  the  junction  and  gQ^  (s'^)  is  the 

steady  state  optical  gain  of  the  k^  mode  in  the  equivalent  circuit . 

Zgq  is  the  low  frequency  equivalent  impedance,  R  the  differential  resistance,  Rgg  the  resistance  related  to  the 

spontaneous  emission  ratio  10*^  .  is  the  threshold  cuirenL 

We  have  computed  the  spectral  density  of  the  1/f  electrical  noise  : 


_  2t,2  .  Zeqf  2 


At  low  frequency  (f=10  Hz),  we  can  consider  that  Lo) «  Rge  and  »  R. 


J_  ^  _L  V 
Zeq  Rd'^^  Rsck 
k=l 


with  R(j  = 


and  Rse]j  = 


q^sSOgOk|^AkSo+-^ 


T  MVp  2  2 

tf"' "  W’ 

7  2  -  2 

''nk  -(qgok^)  t  ^sk  ^skl/f  ^ 


(12) 
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*  MV-r  * 

^n''nk  -  ^  Hq  ^  ^  ^ 

2  2 

In  our  case:  f  „  »  and  f  ^  »  f2 
nl/f  "  sl/f  ^ 


experimental  results  are  plotted  on  figure  4  at  10  Hz:  1/f  electrical  noise  spectral  density 
Sydi/f  varies  as  II"^  when  the  spontaneous  emission  is  dominant,  as  predicted  by  Vandamme  ^.The  current  noise 
spectral  density  Sj  is  proportional  to  the  laser  current  II-  It  can  be  explained  by  the  fluctuations  of  diffusion 
coefficient  in  the  diffusion  region  ^:(Si « 1^;  Sy  lL'*).We  have  made  measurement  of  optical  noise  (figure  5)  given 
by  Sjph  :  see  relation  Experiments  on  this  multimode  laser  give  the  value  of  the  exponent  m=  3/2  in  the  LJE.D. 
region  as  predicted  by  R.Fronen  et  al  ^.We  have  simultaneously  measured  the  correlation  by  using  the  coherence 
function  of  the  spectrum  analyser  given  by  : 

-  _  |Siph-Vd(^>| 

Y^Iph-Vd(f)  -  S,ph(f).S,d(f) 

where  Sjp^.vd  cross  spectral  density  between  the  optical  noise  Sjpj,  and  the  electrical  noise  Sy^j.  We  have 

plotted  the  result  of  y^versus  Ii/fth  figure  6.  We  observe  a  high  correlation  between  these  two  noises  when  the 
spontaneous  emission  is  dominant.  This  behaviour  is  due  to  the  spontaneous  carrier  recombination  which  is 
associated  to  I/f  noise  due  to  fluctuations  in  free  carrier  concentrations^ .See  relations  (3),(4),(12),(1 1).  With  respect 

of  relation  (l),we  obtain  ^  (with  —  =4.9  10"^^  and  Rs=4,4  Q): 


YIph-Vd(^)=' 


fN^s^L 


The  theoretical  results  computed  by  using  the  electrical  noise  values  are  in  concordance  with  the  experimental 
results.  This  result  shows  that  1/f  electrical  and  1/f  optical  noises  are  strongly  correlated  beyond  the  threshold  .We 
observed  this  behaviour  with  another  type  of  laser  (RIDGE  LASER) 

^  decreasing  of  when  is  higher  than  unity  due  to  decreasing  of  1/f  noise 

spectral  density  Syi(0  around  the  threshold  current.  This  behaviour  is  due  to  the  fast  decreasing  of  which  tends 
to  a  low  computed  value  (R^^  =  0.1  Q )  when  II  tends  to  the  threshold  current  When  Il/Ij^  is  higher  than  1.2, 

we  observe  a  saturation  of  the  electrical  noise  Sy  .(f).  It  does  not  increase  as  because  the 


tenn  dominant.  This  fact  is  related  to  a  saturation  of  the  coherence  function  which  corresponds  to 

k=l 

a  saturation  of  the  optical  noise  spectral  density  Sjph(f).The  fluctuations  of  the  photon  number  and  those  of 
spontaneous  emission  saturate  when  iL/It^  is  higher  than  unity  In  relation  (9)  we  note  that  Sy^j  is  directly  related 

2 


to  the  fluctuations  of  photon  number,  if  we  consider  all  the  optical  mode  fluctuations  given  by  ■ 


1  <  k  <  p. 


This  relation  shows  that  the  electrical  noise  is  correlated  to  the  fluctuations  of  optical  power  by  means  of  different 
optical  mode  noise  sources. 

CONCLUSION: 

1/f  electrical  noise  spectral  density  depends  on  the  inuinsic  noise  sources  v^j^-We  have  shown  the  1/f 
electrical  noise  Sy^(f)  is  correlated  to  the  1/f  optical  noise  Sjph(f)  in  L.E.D.  region.  Above  threshold,  we  note  a 

decreasing  and  the  saturation  of  the  intrinsic  noise  Syi(f)  which  corresponds  to  the  decreasing  and  saturation  of  Rjei^ 
when  Ij^  is  higher  than  the  threshold.This  phenomenon  is  related  to  the  saturation  of  the  optical  noise  Sjp}^(f) 


which  is  connected  to  the  fluctuations  of  the  photon  number  given  by; 


1  <k<p. 
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Svd(V^/Hz) 


Siph  (A^/Hz) 


IL/lth 
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ABSTRACT 

The  noise  characteristics  of  quantum  well  single  mode  semiconductor 
lasers  are  analyzed  by  developing  a  noise  equivalent  circuit  from  the  rate 
equations.  The  spectral  intensity  of  the  noise  in  the  pump  current  and  the  light 
intensity  of  a  GaAs/AlGaAs  quantum  well  single  mode  ridge  waveguide  laser 
are  measured.  1/f  noise  and  generation-recombination  noise  are  observed. 
These  noise  sources  are  introduced  into  the  noise  equivalent  circuit  and 
empirically  modeled.  The  theoretical  results  fit  the  experiment  well. 

INTRODUCTION 

Noise  in  semiconductor  lasers  is  one  of  the  most  important  problems 
encountered  in  laser  applications.  The  analysis  of  noise  in  semiconductor 
lasers  has  been  based  on  the  quantum  mechanical  Langevin  equation  method^ 
and  the  density  matrix  method^.  We  derived  a  noise  equivalent  circuit  to 
analyze  the  noise.  This  model  is  based  on  the  rate  equations  which  describe 
the  operation  of  quantum  well(QW)  single  mode  semiconductor  lasers.  We 
also  measured  the  amplitude  noise  of  the  pump  current  and  of  the  light 
intensity  of  a  GaAs/AlGaAs  quantum  well  single  mode  ridge  waveguide  laser. 
We  empirically  model  the  observed  noise  spectra  by  inserting  appropriate  noise 
source  in  the  equivalent  circuit  model. 

NOISE  EQUIVALENT  CIRCUIT 

We  deal  with  the  rate  equations  for  the  carriers  and  photons  of  a 
quantum  well  single  mode  semiconductor  laser  analogous  to  the  approach  in 
reference^.  Assuming  that  the  time  derivatives  in  the  rate  equations  are  zero, 
we  obtain  the  steady  state  quantities  which  determine  the  operation  of  the  laser 
diode.  Next,  fluctuations  of  all  the  steady  state  variables  are  introduced. 
Substituting  all  of  the  perturbed  variables  into  the  rate  equations,  we  obtain  a 
set  of  differential  equations  for  the  noise  characteristics  of  the  laser  diode, 
which  is  equivalent  to  an  electrical  circuit  (see  Figure  1).  The  elements  of  this 
circuit  are  determined  by  the  device  parameters  and  steady  state  variables. 
From  the  noise  equivalent  circuit,  we  obtain  the  transfer  function  between 
voltage  noise  and  current  noise. 

MEASUREMENT  AND  COMPARISON 

We  measured  the  pump  current  noise  and  optical  intensity  noise  of  a 
high-speed  GaAs/AIGaAs  quantum  well  single  mode  ridge  waveguide  laser. 
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The  device  structure  is  shown  in  Figure  2.  There  are  three  quantum  wells  in 
this  device,  and  single  mode  operation  is  obtained  by  properly  designing  the 
width  and  the  ridge  height  of  the  device.  The  45%  mole  fraction  of  the  Al  in 
the  cladding  layer  creates  a  strongly  guided  mode  in  the  transverse  direction. 
The  weakly  guided  mode  is  in  the  lateral  direction  since  the  optical 
confinement  in  the  lateral  direction  is  only  obtained  by  the  ridge.  The 
threshold  current  is  about  6mA. 

The  noise  is  measured  from  IHz  to  lOOkHz.  Figures  3  and  4  show  the 
pump  current  noise  and  optical  noise,  separately,  for  pump  currents  around  the 
threshold  current.  The  1/f  noise  and  g-r  noise  components  are  observed  in  both 
the  current  noise  spectra  and  the  optical  noise  spectra.  The  current  noise  is 
rapidly  decaying  as  1/f  before  it  meets  the  bump  of  the  g-r  noise  center.  The 
knee  frequency  of  g-r  center  is  near  70kHz.  Figure  5  shows  the  pump  current 
noise  intensity  at  1  Hz  as  a  function  of  the  pump  current.  Before  the  current 
reaches  the  threshold  current,  the  1/f  noise  has  a  linear  dependence  on  current. 
After  it  reaches  the  threshold  current,  the  noise  approximately  depends 
quadratically  on  the  current.  The  optical  noise  (Fig.4)  is  also  decaying  as  1/f 
until  it  meets  the  first  Lorentzian  shaped  bump.  This  bump  comes  from  the  RC 
time  constant  of  the  detector.  After  the  first  bump,  the  noise  still  decays  as  1/f 
before  meeting  the  second  bump  which  is  associated  with  the  g-r  center  in  the 
pump  current  noise  by  the  coupling  of  the  rate  equations.  This  noise  after  the 
last  bump  is  from  the  preamplifier  since  the  device  noise  is  so  small  that  the 
preamplifier  noise  becomes  significant. 

We  modeled  the  noise  contributions  as  A/f,  B/[l  +  (f/fB)”]»  and  C,  where 
f  is  frequency.  A,  B,  fe,  and  C  are  constants  whose  values  are  determined  by 
comparison  with  experimental  data.  The  solid  lines  in  Figures  3  and  4  show 
the  fit.  The  fit  in  Fig.  4  were  obtained  by  multiplying  the  spectrum  of  the 
current  noise  by  the  transfer  function  we  derived  from  the  equiv^ent  circuit. 

CONCLUSION 

We  have  developed  a  noise  equivalent  circuit  that  shows  the  connection 
between  the  observed  noise  in  the  light  output  and  pump  current  of  a 
GaAs/AlGaAs  quantum  well  single  mode  ridge  waveguide  laser  diode.  The 
equivalent  circuit  is  of  significance  for  the  understanding  and  analysis  of  the 
noise  features  of  the  diode.  At  low  frequency,  the  equivalent  circuit  shows  low 
pass  behavior  for  1/f  noise  and  g-r  noise. 

We  measured  the  pump  current  and  optical  AM  noise  of  a  quantum  well 
single  mode  ridge  waveguide  laser.  Generation-recombination  noise  and  1/f 
noise  are  observed.  We  also  observed  the  effect  of  the  parasitic  capacitance 
from  the  detector. 

We  modeled  the  1/f  noise  and  g-f  noise  by  fitting  with  experimental 
data.  This  helped  us  to  understand  and  analyze  the  dominant  noise  sources  in  a 
laser  diode  at  low  frequencies.  The  comparison  between  the  theoretical  and 
experimental  results  shows  the  agreement. 

All  of  our  measurements  are  carried  out  at  room  temperature.  By 
varying  the  temperature,  we  should  be  able  to  determine  the  trap  parameters, 
density,  and  activation  energy,  of  the  g-r  center.  This  is  a  useful  method  to 
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characterize  the  material  defect.  Also,  our  equivalent  circuit  parameters  are 
temperature  dependent.  Future  work  will  focus  on  the  temperature  dependence 
of  the  noise  of  quantum  well  semiconductor  lasers,  providing  a  more  solid 
foundation  for  the  proposed  model. 

REFERENCES 

1.  H.  Haug,  Z.  Phys.,  200,  57  (1%7). 

2.  M.  O.  Scully  and  W.  E.  Lamb, Jr.,  Phys.  Rev.,  159,  208  (1967). 

3.  Ch.  S.  Harder,  B.  J.  Van  Zeghbroeck,  M.  P.  Kesler,  H.  P.  Meier,  P. 
Vettiger,  D.  J.  Webb,  and  P.  Wolf,  IBM  J.  Res.  Develop.  34,  568 
(1990). 


In 


FIGURE  1 .  Noise  equivalent  circuit  for  a  quantum  well 
single  mode  semiconductor  laser  diode. 


Figure  2.  The  structure  of  a  high-speed  GaAs/AlGaAs  quantum  well  single 
mode  ridge  waveguide  laser. 
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FIGURE  3.  The  pump  current  noise  spectra  vs.  frequency.  The 
symbols  are  from  the  experiment  and  solid  lines  are  from 
the  theoretical  approaches. 
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FIGURE  4.  The  optical  noise  spectra  vs.  frequency.  The  symbols  are 
from  the  experiment  and  solid  lines  are  from  the 
theoretical  approaches. 
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FIGURE  5.  The  pump  current  noise  vs.  the  pump  current  at  IHz. 
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ABSTRACT 

In  this  paper  we  investigate  exact  solutions  for  a  parametric  quantum  os¬ 
cillator.  Without  dissipation  we  focus  on  the  propagator  and  the  variances  of 
momentum  and  position.  In  the  presence  of  dissipation  (Ohmic  heat  bath)  we  ap¬ 
ply  the  influence-functional  method  due  to  Feynman  and  Vernon  to  obtain  exact 
expressions  for  the  time  evolution  of  the  reduced  density  matrix.  Knowing  this 
density  matrix  we  calculate  and  discuss  the  variances  in  presence  of  friction. 

1  INTRODUCTION 


The  potential  of  the  system  has  the  form 

V{x^t)  =^^m{a  —  h  cos  Vlt)x^ .  (1) 

This  potential  has  several  possible  applications.  One  major  application  is  the 
study  of  the  Paul  trap  in  the  quantum  regimeh  Another  suggested  application 
is  the  generation  of  squeezed  states  of  light^,  and  particulary  interesting  is  the 
application  to  the  topic  of  tunneling  through  a  barrier  with  a  time  dependent 
barrier-width. 

Although  the  system  under  consideration  can  be  used  as  an  amplifier  it  should  be 
distinguished  from  the  so-called  ’parametric  amplifiers’  studied  by  Louisell,  Yariv, 
and  Siegman^  and  Mollow  and  Glauber"^.  Their  model  consists  of  two  harmonic 
oscillators  coupled  bilinearly  via  a  time  dependent  parameter  which  oscillates  at 
the  combination  frequency  of  the  two  individual  oscillators.  The  Hamiltonian 
for  this  system  is  time  dependent,  but  elimination  of  one  harmonic  oscillator  in 
the  Heisenberg  equations  of  motion  leads  to  a  differential  equation  with  constant 
coefficients. 


2  THE  QUANTUM  PARAMETRIC  OSCILLATOR  WITHOUT  DISSIPATION 


Introducing  the  scaled  variables  x  =  ylrnO.  1‘llix  and  t  —  Q,tf2  the  dimension¬ 
less  Schrddinger  equation  for  eq.  (1)  reads 


-\dl  + 


(2) 


with  =  a-  26cos2t,  a  =  h  =  26/mn^  In  this  section  we  will  use 

only  scaled  variables  and  henceforth  omit  the  overbars. 
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The  periodicity  of  the  Hamiltonian  leads  to  Floquet  form  solutions  of  the 
Schrodinger  equation.  A  solution  of  eq.(2)  can  be  factorized  as 

+  tt).  (3) 

(l)n  is  called  Floquet  function,  a  Floquet-  or  quasienergy.  Because  of  the  lin¬ 
earity  of  the  system  and  are  fully  determined  through  the  solutions  of  the 
corresponding  classical  problem,  i.e. 


.T -f  =  0.  (4) 

It  is  not  possible  to  obtain  the  solution  in  explicit  form,  but  with  LO^[t)  defined  like 
in  (2)  this  is  the  well-studied  Mathieu-equation.  Depending  on  the  value  of  the 
parameters  a  and  h  the  solution  of  (4)  can  be  bounded  or  increasing  with  time. 
Whenever  we  need  explicit  solutions  of  (4)  we  calculate  them  numerically. 

There  are  different  approaches  to  the  quantum  mechanical  problem.  The 
Floquet  functions  and  Floquet  energies  for  the  three  regions  were  given  first  by 
Perelomov  and  Popov^.  In  the  stable  region  a  discrete  spectrum  of  qusienergies 
exist.  In  the  unstable  regions  and  at  the  boundaries  between  these  regions  the 
spectrum  becomes  continous. 

The  propagator  for  this  system,  obtained  first  by  Husimff  ,  can  be  derived  in 
a  variety  of  ways^.  One  possibility  is  based  on  Feynman’s  path  integral  method. 
Given  the  solutions  of  eq.  (2)  it  is  also  possible  to  construct  the  propagator 
directly  in  terms  of  a  spectral  representation^  i.e. 

oo 

K(xf,tf\x,,ti)  =  Y,  -  i;)]-  (5) 

n:=:0  “• 


For  a  continous  spectrum  the  sum  becomes  an  integral  and  we  have  to  take  into 
consideration  possible  degeneracies  of  the  quasienergy  spectrum.  Doing  so  we 
obtain  for  the  propagator 


\TTiX{tf)  [2X(tf) 


ix^,X{tj) 


X  and  T'  are  special  solutions  of  (4)  with  the  initial  conditions 


X(t,)  =  0,  X(u)  =  l,  Y{t,)  =  l,  r(t,)-o.  (7) 

m{t)  is  the  number  of  zeros  of  X  in  the  interval  [0,t],  777(0)  =  0  and  we  used  the 
definition  of  the  root 

X'^t)  =  |X|2e*f-h). 
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But  this  propagator  (6)  is  valid  only  for  times  tf  ^  tn-  With  in  we  denote  the 
time  when  the  m-th  zero  of  X  occur.  To  calculate  the  propagator  at  these  so 
called  caustics  we  use  the  semigroup  property  of  the  propagator 

X ,  Xq^  0)  —  J  dXc  I\.  5  ^c^  ^5  *^0?  0)  •  (8) 

This  relation  holds  for  any  time  order  of  0,7r,tn-  It  is  not  necessary  that  tt  < 

We  have  chosen  a  special  time  tc  =  tt  because  then  we  can  employ  the  following 
relations  for  the  solutions  of  the  Mathieu  equation 

y(7r  -t)  =  y{7r)Y{t)  -  Y{7r)X{t),  X{7r  -t)=  X{TT)Y{t)  -  Y{7r)X{t).  (9) 

For  the  propagator  at  a  caustic  we  find  explicitly  the  result 


^0?  O) 


^Y{tn) 

2Y(Q 


Y{tn)xo 


It  was  shown  before  with  various  methods  that  a  time  dependent  harmonic 
oscillator  generates  squeezed  states^.  To  study  its  squeezing  properties  explicitly 
we  compute  the  variances  of  the  operators  x  and  p  with  the  Heisenberg  equation 
of  motion.  The  mean  values  for  this  linear  system  follow  the  solutions  of  the 
classical  equation  (4). 

The  variances  U{t)  =  {x^)-{xy  ,V{t)  =  l(xp-\-px)-{x)(p)  and  W{t)  =  {jY)-{p)'^ 
satisfy  the  coupled  set  of  equations 


U^2V,  V  =  W  (11) 


By  eliminating  y(t)  and  W{t)  from  eqs.  (11)  we  find  an  equivalent  third-order 
equation  for  U{t) 

u +‘iw\t)U +  =  Q  (12) 

This  equation  is  solved  with  U{t)  =  W(0)X^  +  U(0)Y‘^  +  2y(0)Xr 
where  X  and  Y  are  defined  as  before  in  (6).  Because  of  (11) 


y(t)  -  W{0)XX  +  U{0)YY  +  V{0)(XY  +  XY)  and 
W{t)  =  W{0)X^  +  t/(0)y2  +  2V{0)XY. 

We  see  that  the  variances  are  bounded  or  increasing  with  time  like  the  solutions 
of  the  Mathieu-equation  in  the  corresponding  region.  Depending  on  the  chosen 
parameters  the  form  of  the  results  varies  strongly.  In  figs.  1  we  plot  the  time 
variation  of  U  for  a  fixed  value  of  a.  We  start  at  ^  =  0  with  a  wavepacket  with 
minimum  uncertainty  ?7(0)  =  l/2r\/a  —  26,  V(0)  =  0,  IF(0)  =  ry/a  —  26/2,  r 
is  a  parameter  which  characterizes  the  amount  of  squeezing  of  the  state;  r  =  1 
refers  to  the  unsqueezed  state.  Fig.  la  shows  U  for  a  squeezed  state  and  different 
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Figure  1:  Variance  U  for  various  amplitudes  of  the  parametric  modulation  and 
squeezing  parameters  for  a  —  0.1,  (a):  6  =  0  (1),  0.025  (2),  0.04  (3)  and  r  =  4 

(b):  r  =  1  (1),  1.2  (2),  1.6  (3)  and  6  =  0.025 


amplitudes  of  the  parametric  modulation  6.  It  can  be  seen  how  the  variation  of  6 
changes  the  form  and  also  the  amplitude  of  the  oscillations.  In  fig.  lb  variances 
are  plotted  for  different  squeezing  parameters  r. 

3  THE  DAMPED  QUANTUM  PARAMETRIC  OSCILLATOR 

To  describe  damping  we  couple  our  system  linearly  to  an  environment^.  This 
environment  is  modeled  as  a  linear  system  consisting  of  a  set  of  noninteracting 
harmonic  oscillators  .  The  Hamiltonian  of  the  coupled  system  assumes  then  the 
following  form 

H  =  Ha+Hi  +  Hb 


d2  I 

with  Ha  =  - - h  ~{a  —  6  cos 

2m  2 


=  xY^ 


Ha  and  Hq  are  the  Hamiltonians  of  the  parametric  quantum  oscillator  and  the 
bath  oscillators,  respectively.  The  first  term  in  Hj  couples  the  system  to  the 
bath.  This  coupling  leads  to  a  frequency  shift  of  our  system,  that  is  removed 
with  the  second  term  in  Hj.  To  gain  explicit  results  we  consider  from  now  on  an 
Ohmic  heat  bath.  As  we  are  not  interested  in  the  dynamics  of  the  environment  we 
elimimate  the  bath  and  calculate  the  exact  reduced  density  operator  of  the  system 
at  time  i.e. 
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where  J  is  calculated  by  the  influence-functional  method.  Introducing  the  sum 
and  difference  variables  q  x  —  r  =  y)  yields  for  J 

0)  =  * ^27rh  ^  +  ki2(t)  +  o,2i{t)]rirf  +  a22(t)ry} 

xexp  ^{[ui{t,0)ri-\-U2{t,0)rf]qi-[ui{t,t)ri-{-U2{t,t)rf]qf}  .  (15) 

Gij  is  given  through 

1  /** 

2  X  Jo  -  52) 

with  the  noise  kernel 

roo  fjft  j/n 

K[s)  =  — m7i/coth(^^^)cos(y5).  (16) 

The  set  {ui,U2}  determines  the  solution  of  the  equation  of  motion 

u  —  77/ +  (a  —  6cos  n^)^  =  0  (17) 

with  the  conditions  Ui(t,0)  =  1,  wi(t,t)  =  0,  ^2(^,0)  =  0,  W2(t,t)  =  1  and 
2(^,5)  =  Ui,2(t,  5)  exp(75).  To  arrive  at  this  form  we  assumed  that  the  system 
and  environment  were  initially  {to  =  0)  uncoupled  and  the  bath  was  in  equilibrium 
at  temperature  T.  Knowing  the  density  matrix  we  are  able  to  calculate  expecta¬ 
tion  values  of  the  variables.  The  mean  values  of  space  and  coordinate  follow  the 
trajectories  of  a  damped  classical  parametric  oscillator.  Next  we  study  the  time 
development  of  the  variances  U{t),  V{t)  and  W{t).  The  Ohmic  damping  leads  to 
a  divergence  in  TK,  just  as  with  a  damped  quantum  oscillator^.  We  introduce  an 
abrupt  high  frequency  cutoff  Uc  of  the  bath  frequencies  1/  in  the  frequency  integral 
in  (16)  to  remove  this  divergence.  This  is  correct  as  long  as  we  consider  only 
times  that  are  large  compared  to  7/“^. The  results  are  plotted  in  figs  2.  Fig.2a 
shows  mflUl2%  for  increasing  modulation  amplitude  |6|.  The  initial  values  of  the 
variances  are  like  in  section  2.  For  curves  labeled  (1),  (2)  and  (3)  b  has  values 
that  lead  to  decaying  solutions  of  the  damped  Mathieu  equation  in  eq.(17),  i.e. 
{x{t))  — >  0  as  t  ^  00.  After  a  short  time,  U  becomes  a  constant  for  curve  labeled 
(1),  whereas  for  curves  (2)  and  (3)  U  becomes  a  periodic  function  which  oscillates 
with  the  frequency  0.  This  frequency  is  not  affected  by  the  strength  of  the  fric¬ 
tion  7,  The  amplitude  of  the  oscillations  is  increasing  with  increasing  modulation 
strength  |6|.  For  b  in  the  unstable  region  the  variances  become  unbounded  also, 
as  can  be  seen  in  curve  labeled  (4).  In  fig.2b  we  start  with  a  squeezed  state  and 
compare  it  with  the  unsqueezed  state.  As  an  interesting  result  we  find  that  the  ef¬ 
fect  of  initial  squeezing  relaxes  on  a  fast  time  scale.  This  relaxation  time  depends 
only  weakly  on  temperature,  but  depends  on  the  strength  of  Ohmic  friction  7. 

We  also  like  to  point  out  here  that  the  system  dynamics  x{t)  of  the  coupled 
system  in  eq.  (13)  obeys  an  exact  equation  of  motion.  The  Heisenberg  operator 
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Figure  2:  Variance  U  =  mriU/2fi  for  various  amplitudes  of  the  parametric  mod¬ 
ulation  and  different  squeezing  parameters,  zq  =  50,  a  =  1,  0  =  2,  7  —  1,  =  ci, 

(a) :  |6|  =  0  (1),  0.1  (2),  1  (3),  2  (4)  and  r  =  1,  ksT/hcvo  =  5, 

(b) :  r  ==  1  (3,4),  0.1  (1,2),  hBTihuJo  =  1  (2,4),  20  (1,3)  and  \b\  =  0.1 

x{t)  obeys  -  after  elimination  of  the  bath  degrees  of  motion  -  an  exact  Quantum, 
Langevin  equaiion,  which  in  terms  of  the  initial  time  of  preparation  reads  explicitly 

mx  4-  m  /  7(f  —  s)x(s)ds  +  m.(a  —  b  cos  (jjt)x  +  m^f{t  —  tQ)x(to)  =  ^{t)  (18) 

Jto 

where  m'y(t)  =  En  4  |(<f(0f(0)  +  ^(O)^(t))  =  hK{t),  with  K(t) 

given  in  eq.  (16).  The  limit  of  Ohmic  friction  -  without  cutoff  -  is  obtained  from 
(18)  by  setting  j{t—to)  —  2^f6(t~-to).  We  note  that  (18)  presents  a  suitable  starting 
point  to  investigate  initial  and  long-time  (aged)  correlation  function  properties  of 
the  damped  parametric  quantum  oscillator^. 
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ABSTRACT 

A  stable  scanning  tunneling  microscope  is  constructed  for  low 
frequency  noise  measurements.  Its  electronic  noise  is  much  lower  than 
noise  of  tunnel  junction.  The  experimental  data  are  obtained  with  PtIr  tip 

and  gold  sample.  1/f^  type  noise  is  predominant  at  low  frequencies.  The 
estimated  value  of  a  is  1.1±0.2. 

INTRODUCTION 

Scanning  tunneling  microscopy  is  well  established  method  of  local 
surface  investigation  with  atomic  or  molecular  resolution.  It  can  provide 
the  profound  knowledge  about  the  local  electronic  density,  local  electronic 
conductivity,  local  barrier  height  and  other  surface  properties  necessary  for 
the  solution  of  fundamental  and  applied  problems.  1/f^  type  low  frequency 
noise  is  the  main  fundamental  restriction  on  the  sensitivity  of  scanning 
tunneling  microscope  and  other  surface  and  force  devices  with  tunnel 

sensor.  L2 


EXPERIMENTAL 

We  have  constructed  a  high  stable  scanning  turmeling  microscope 
with  a  rigid  tripode  piezoactuator  {X,  Y  and  Z  bars  are  30nmi  in  length 
and  3.5mmx3.5mm  cross  section).  The  frequency  of  the  first  mechanical 
resonance  of  the  actuator  is  about  4kHz.  Under  ordinary  laboratory 
conditions  no  resonant  peaks  due  to  seismic  vibrations  of  actuator  or  other 
mechanical  parts  can  be  seen  in  the  noise  spectrum  of  the  tunnel  current 
(fig.  1).  Ihermal  drift  during  the  measurements  was  always  less  than  a  few 
angstroms  per  minute.  Usually  the  output  of  high  voltage  amplifiers  is 
applied  to  the  electrodes  of  actuator  in  order  to  sustain  the  appropriate 
distance  between  the  tip  and  the  sample.  The  electrical  noise  of  high 
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voltage  signal  may 
modulate  the  tip-sample 
separation  and  conse¬ 
quently  the  tunnel 
current.  In  present 
measurements  the  fine 
mechanical  adjustment 
up  to  the  hundreds  of 
angstroms  was  imple¬ 
mented  to  avoid  the  use 
of  high  voltage  signals. 
The  intensity  of  electric 
field  in  the  piezo - 
ceramics  was  less  than 
30  V/cm,  the  hysteresis 
of  piezoceramics  was 
less  than  1%,  The  creep  of  ceramics  is  diSicult  to  control,  the  mam 
precaution  is  to  avoid  the  appearance  of  any  short,  or  abrupt  pulses  on  the 
electrodes  of  piezoceramics. 

We  use  a  precise  current-voltage  transducer  (preamplifier)  with  the 
transimpedance  gain  Kj^j— 80  mV/nA.  The  currrent  and  voltage  noise  of 
the  precise  operational  amplifier  was:  Ie.n.“  10"^  ^  HzV^  and  Upn.— 10 
nV  HzV2  in  the  firequency  band  IHz-lOOkHz.  For  the  typical  values  of  the 
input  resistance  R.=  10-100  MQ  the  resulting  value  of  preamplifier  noise 
was  of  the  order  of  10“^  nA  HzV^.  The  excess  low  frequency  noise  of  the 
preamplifier  was  about  10  times  smaller  than  the  intensity  of  low  fi-equency 
noise  of  the  tunnel  junction.  The  measurements  were  conducted  at  nomid 
air  pressure  with  sample  of  pure  gold  (layer  thickness  1  pm)  evaporated  on 
silicon.  The  tip  was  mechanically  cutted  Pt^  giro  2  wire.  The  gold  surface  is 
quite  chemically  inert,  in  ambient  conditions,  so  there  was  no  oxide  layer 
formation  on  its  surface. 

NOISE  MEASUREMENTS 

The  tunnel  junction  noise  is  composed  of  "shot"  noise  of  tunnel 
current,  Johnson  noise  of  the  junction  and  excess  low  frequency  noise  with 
1/f^  power  spectrum.  Preamplifier  noise  described  by  current  noise 
generator  I^  jj  and  voltage  noise  generator  is  added  to  the  total  noise 
of  tlie  system.  The  resulting  spectral  density  of  the  current  noise  is 


200  pV  HzV2 


Fig.l.  Noise  spectum  of  the  tunnel  cuirent 


Si  2el  +  ‘^kbT/R^g' +1^  +Sgxc 
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where  I  -  tunnel  current,  Iq^  -  Bolttzmann's  constant,  R^ff  =  RtR^(Rt+Re) 
is  the  total  resistance  of  the  dynamic  resistance  of  tunnel  junction  and 
the  feedback  resistance  of  the  preamplifier  connected  in  parallel. 
Effective  resistance  of  tunnel  junction  is  z  -  tip-sample 

separation,  the  decay  inverse  length  k  is  defined  by  the  average  barrier 
height  between  the  sample  and  the  tip.  The  excess  noise 
frequency  noise  with  the  power  spectrum  of  l/f“  type.  The  estimated  value 
of  a  in  our  experiments  was  1.1±0.2  (fig.2.).  For  the  frequencies  below 
IkHz  the  "shot”  noise  and  Johnson  noise  of  timnel  junction  are 
approximately  equal  and  usually  smaller  than  10“^  nA  HzV2. 


-46dB 


During  STM  measurements  in  the  constant  current  mode  feedback 
is  used  to  sustain  constant  tip-sample  separation.  In  this  case  the  tunnel 
current  noise  Ijj  at  the  feedback  output  signal  is  given  by: 

U^G«>)=K(jG>)  Kiu  In/d+W  KuiKizKzu), 

K(ja))-  the  gain  of  the  feedback. 

Due  to  the  presence  of  integrator  in  a  feedback  loop  K(je))~10^...106 
at  low  fi^equencies.  The  voltage -displacement  coefficiency  of  actuator 
^ZU“2nm/V.  Kjz  is  defined  from  tunnel  current  vs  tip-sample  separation 
dependence:  ~10  nA/nm.  The  proper  adjustment  of  the  feedback  alows 

to  eliminate  the  distortions  of  the  tunnel  noise  spectrum  at  the  feedback 
output: 


Uz==In/(KizKzu)-In. 


DISCUSSION 

The  nature  of  1/f^  noise  of  the  tunnel  current  is  not  clear.  We 
suppose  the  presence  of  two  different  sources  of  low  noise  fluctuations.  The 
first  one  is  originates  from  the  random  character  of  electron  tunneling 
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between  the  tip  and  the  sample.  The  tunneling  probability  may  var^^  in  time 
due  to  surface  degradation,  oxidation  process  or  appearance  of 
contamination  on  the  tip  or  the  sample.  The  variation  of  probability  lead  to 

random  modulation  of  tunnel  current.  The  second  cause  of  1/f^  noise  may 
be  an  electron  scattering  in  the  region  of  current  spreading.  Because  of  the 
small  dimensions  of  spreading  area  (of  the  same  order  as  the  tip -sample 
separation)  the  fluctuations  of  its  resistance  may  be  quite  noticeable.  The 
random  changes  of  resistance  lead  to  additional  timnel  current  fluctuations. 

The  type  noise  is  often  seen  as  abrupt  jumps  of  the  tunnel 
current  resulting  in  image  distortions.  The  tunnel  current  jumps  (burst  1/f^ 
noise)  are  typical  for  STM  measui'ements.  Abrupt  changes  can  be  seen  in 
images  directed  along  the  scan  line,  most  probably  produced  by  the 
changes  of  the  tip  geometry  and  its  electronic  structure. 

The  tunnel  sensor  is  often  regarded  to  be  unpromising  for  different 
force  and  surface  applications.  But  it  is  worth  noting  that  its  sensitivity  up 
to  10”^  nm  HzV^  is  sufEcient  enough  for  many  practical  applications.  It  is 
easy  to  obtain  perfect  large  scale  images  using  atomic  force  microscope 
with  tunnel  sensors  of  large  scale  and  we  managed  to  obtain  molecular 
resolution  images  as  well^.  The  sensitivity  of  presented  tunnel  sensor  of 
small  displacements  is  better  than  10"-  nm  HzV2. 

We  now  plan  tunnel  noise  measurements  with  different  clean  and 
contaminated  surfaces  to  clear  up  the  mechanism  of  low  frequency 
fluctuations.  Measurements  with  and  without  the  use  of  feedback  will  be 
done. 
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Abstract 

The  tunneling  probe  used  in  Scanning  Tunneling  Microscopy  (STM)  has  been  recently 
proposed  as  displacement  sensor  for  resonant  gravitationaJ-wave  antennas  [l]. 

At  present  the  performances  of  the  tunnel  probe  as  displacement  sensor  are  limited  by 
the  1//  noise  in  the  tunnel  current  which,  at  room  temperature,  lowers  of  three  orders  of 
magnitude  the  expected  sensitivity  in  the  KHz  range;  preliminary  results  indicate  that  at 
liquid  helium  temperature  the  tunnel  probe  is  a  shot  noise  limited  device.  To  understand 
the  origin  of  the  1  /  f  noise  we  are  carrying  on  systematic  measurements  of  the  tunnel  current 
noise  as  a  function  of  the  temperature  and  for  different  materials;  the  experimental  results 
will  be  presented  during  the  conference.  Due  to  the  quantum  mechanical  nature  of  the 
tunnel  probe  we  believe  that  noise  measurements  as  a  function  of  the  temperature  caji  give 
also  some  useful  information  on  the  fundamental  origin  of  the  Iff  noise. 

Introduction 

The  sensitivity  (3x10“^^^^^^)  of  displacement  sensor  used  in  gravitational- wave  resonant  anten¬ 
nas,  permits  the  detection  of  near  events  which  are  quite  occasional  (estimate  rate  in  our  galaxy 
one  event  every  30  years).  One  way  to  increase  the  sensitivity  is  that  of  coupling  the  antenna 
(which  can  be  modelled  as  a  harmonic  oscillator)  to  a  second  resonator  with  the  same  resonant 
frequency  but  a  much  lower  mass.  Energy  conservation  yields  a  gain  in  the  amplitude  vibration 
of  the  second  resonator  which  is  equal  to  where  and  are  respectively  the  mass  of  the 

antenna  and  of  the  coupled  resonator.  To  obtain  large  amplitude  gain  the  coupled  transducer 
should  have  reduced  geometrical  dimensions  making  very  promising  the  use  of  a  tunnel  probe 
which  has  proved  to  work  with  extremely  small  masses  down  to  atomic  dimensions.  Moreover 
the  tunnel  probe  avoids  the  back-action  of  the  following  electronic  amplifier  [1]  making  possible 
to  achieve,  even  with  antennas  working  at  room  temperature,  high  sensitivity.  The  dependence 
of  the  tunnel  current,  as  a  function  of  the  distance  s,  is 

i(s)  =  i(so)e"^^"  (1) 

where  Sq  is  the  average  distance  and  k  a  constant  which  depends  on  the  materials  used  but  it  is 
always  of  the  order  of  lO^^m.  The  responsivity  of  the  tunnel  probe  as  position  detector  is  then 

Resp —2kioA/m  (2) 

where  io  is  the  d.c  current  corresponding  to  the  distance  sq.  For  a  reasonable  d.c.  current  of 
lOfiA  and  assuming  the  device  shot-noise  limited,  a  sensitivity  for  S/N  —  I  of 
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Figure  1;  Expeumenial  apparatus  used  to  make  noise  spectra  in  function  of  the  temperature, 
at  different  tunnel  current  magnitudes.  PC  =  Personal  Computer,  DMM  =  Digital  MuUi  Me¬ 
ier,  FFT  =  FFT  Analyzer,  PPS  =  Programmable  Power  Supply,  STM  =  Scanning  Tunntling 
Microscope 


achievable,  b  nfortunately  the  performances  of  the  tunnel  probe  as  a  displacement  sensor  are 
limited  by  the  Iff  noise  which,  at  the  room  temperature  and  in  the  KHz  range,  lowers  of  ;hree 
orders  of  magnitude  the  predicted  sensitivity. 

To  understand  the  physical  origin  of  the  noise  and  in  view  of  a  possible  application  of  the 
detector  to  criogenic  antennas,  we  modified  a  home  made  STM,  to  measure  the  noise  of  the 
tunnel  current  as  a  function  of  the  temperature. 


Measuring  Apparatus 

A  block  diagram  of  the  experimental  apparatus  is  shown  in  fig.(  1). 

The  STM,  based  on  a  Binnig-Smith  tube  scanner  [2],  is  inside  a  vacuum  chamber,  isolated  from 
the  sismic  noise  of  the  building  by  means  of  a  vibration  isolation  system.  Two  micrometric 
screws,  with  different  range,  control  the  tip-sample  approach;  the  fine  motion  screw  is  driven  by 
a  D.C.  motor. 

All  the  measurements  can  be  programmed  by  a  PC  through  two  control  buses:  a  GPIB  bus  and 
a  digital  bus.  On  the  GPIB  bus  the  PC  is  the  master  that  controls  the  following  instruments:  a 
FFT  Analyzer  which  records  the  noise  spectra  in  the  frequency  range  0-100  KHz  and  sends  them 
to  the  PC  for  further  elaborations,  a  digital  multimeter  to  measure,  by  means  of  a  transistor 
sensor,  the  working  temperature  and  a  programmable  powder  supply  which  drives  a  Peltier  cell 
which  permits  to  vary  the  temperature  of  the  sample  in  the  range  0-100  C. 

The  digital  control  bus  from  the  PC  is  implemented  with  a  commercial  digital  I/O  board  and 
actuates  the  following  STM  signals:  tipjfo  which  forces  the  tip  towards  the  sample  to  a  proper 
distance  to  obtain  the  tunnel  current,  DIRmotor  which  imposes  the  direction  of  the  D.C.  motor 
to  control  the  coarse  mechanical  approach  and  the  TRIGmotor  which  permits  to  feed  the  motor 
with  a  single  step. 


Experimental  Results 

Preliminary  measurements  have  been  carried  out  using  gold  sputtered  on  silicon  sample  and 
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electrochemical  etched  tungsten  tips  or  commercial  platinum-iridium  tips.  We  have  taken  data 
for  different  d.c.  tunnel  currents  at  three  different  working  temperatures:  low  (0  C),  medium 
(20  C)  and  high  (100  C).  All  the  measurements,  to  reduce  the  surface  contamination  of  the 
sample,  has  been  obtained  operating  in  a  nitrogen  atmosphere. 

Each  set  of  measurements  is  carried  on  in  four  steps:  tip/sample  approach,  temperature  adjust¬ 
ing,  frequency  spectrum  acquisition,  data  recording. 

Step  1:  the  coarse  approach  is  manually  done  using  the  coarse  micrometric  screw.  When  the 
distance  between  the  tip  and  the  sample  is  a  few  hundred  microns  the  PC  feeds,  with  a  train  of 
single  pulses  the  DC  motor,  until  the  analogical  control  loop  senses  and  locks  the  tunnel  current. 
Step  2:  the  PC  sends  a  GPIB  command  to  the  power  supply  of  the  Peltier  cell  to  increase  or 
decrease  the  temperature  of  the  sample.  During  this  phase,  the  variation  of  distance  between 
the  sample  and  the  tip,  due  to  thermal  expansion,  is  corrected  by  the  PC.  A  safe  sequence  of 
operations  is  that  of  making  the  measurements  starting  from  the  higher  value  of  temperature 
in  order  to  avoid  contacts  between  the  tip  and  the  sample  due  to  the  finite  range  of  the  control 
loop. 

Step  3:  when  the  programmed  temperature  is  reached  and  its  maximum  variation  is  below  1 
C  the  PC  sends  a  GPIB  command  to  the  FFT  analyzer  to  start  the  acquisition  of  the  noise 
spectrum  in  the  frequency  range  0-100  KHz.  The  spectra  are  obtained  averaging  128  samples 
in  400  channels  each  with  a  band  width  of  250  Hz. 

Step  4:  at  the  end  of  the  acquisition,  the  noise  spectrum  is  sent  to  the  PC  by  the  GPIB  bus  and 
then  stored  into  a  floppy  disk. 

Typical  behaviours  of  the  noise  spectra  obtained  with  tungsten  tip  and  gold  sample  are  reported 
in  fig.(2A),  (2B)  and  (2C). 

In  fig.(2A)  the  noise  spectra  of  the  tunnel  current  as  a  function  of  the  d.c.  value  at  room 
temperature  are  shown.  The  noise  increases  with  the  value  of  the  current,  but  the  dipendence 
is  faster  than  its  square  root.  A  plateau  at  lOOKHz  only  for  the  current  value  of  InA  can  be 
individuate;  its  value  is  greater  than  the  corresponding  shot  noise.  The  spectra  show  two  slopes 
for  currents  of  20nA  and  80nA,  while  for  the  InA  spectra  the  slope  is  unique. 

As  shown  in  fig.(2B),  the  shape  of  the  noise  spectra  does  not  depend  on  the  temperature.  The 
minimum  of  the  noise  is  obtained  at  room  temperature  while  the  maximum  occurs  for  100  C. 
This  behaviour  suggests  that  noise  measurements  at  fixed  frequencies  and  as  a  function  of  the 
temperature  should  be  carried  on. 

As  shown  in  fig.(2C),  the  tip  bias  aflfects  only  the  noise  value.  The  noise  is  lower  for  a  positive 
bias  of  the  tip  i.e.  when  the  tunnel  current  is  from  the  gold  sample. 


Acknowledgements 

We  are  grateful  to  Fabrizio  Mancini,  Stefano  Ricci  and  Ferdinando  Feliciangeli  for  their  invalu¬ 
able  help  in  setting  up  and  fixing  the  experimental  apparatus.  We  also  would  like  to  acknowledge 
the  invaluable  contribution  at  the  earlier  stage  of  the  work  of  Loredana  D’Auria. 


Bibliography 

1.  F.Bordoni.  M. Karim,  M.F.Bocko.  Tang  Mengxi,  Phys.  Rev.  D,  42,  2952,  (1990) 

2.  G.Binnig,  D.P.E. Smith,  Rev.  Sci.  Instrum.  57,  (1688),  (1986) 


494  I// Noise  of  STM  Tunnel  Probe 


lE-9 
lE-10 
4  lE-11 

^  lE-12 

lE-13 
lE-14 


IE  +  02  1^  +  03  IE  +  04  +  05 

fiHz) 


Figure  A 


l£'  +  02  l£  +  03  IE +  04  IE +  05 

fiHz) 


lE-9 

Figure  C 


f{Hz) 


Figure  2:  A:  Noise  spectra  at  room  temperature  for  different  values  of  d.c.  current,  at  room 
temperature,  Vjiaa  >0.  B:  Noise  spectra  obtained  with  a  d.c.  current  of  20nA  and  at  the 
temperatures  of  0  C,  20  C,  100  C,  l+a,  >  0.  C:  Noise  spectra  obtained  for  the  same  tunnel 
current  of  20nA.  at  room  temperature,  but  with  opposite  tip-to-sample  polarization  Vjia,. 
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At  the  equlllbrliffli  state  the  noise  of  a  capillary 
filled  with  low  conductive  liquid  Is  determined  by 
Johnson  noise  and  by  hydrodynamics  fluctuations  that  are 
presented  at  any  liquid.  This  noise  has  flatten  form  at 
low  frequencies  and  presented  In  equilibrium  ensemble 
where  the  average  current  Is  absent.  In  such  state, 
cxurent  fluctuations  do  not  contain  a  component  due  to 
fluctuations  In  concentration  of  charge  carriers.  Another 
situation  arises  In  the  presence  of  electrical  current 
throu^  a  capillary.  In  that  case  the  concentration 
fluctuations  give  contribution  to  the  power  spectrum 
density  of  noise  and  what's  more  Independently  on  Johnson 
noise*.  A  new  essentially  arises  at  the  hydrodynamics 
level  of  description.  This  is  spatial  dependence  of 
elementary  process. 

Let  us  consider  the  process  of  electrokinetic 
conversion  in  a  single  capillary  of  radius  R,  length  L. 
The  liquid  has  constant  d^amlc  viscosity  g  and 
dielectric  constant  s.  It  Is  presumed  that  the  capillary 
surface  Is  equally  charged  and  has  potential  (|)^.  The 

density  of  solution  is  constant  so  that 

dlv  7  =0  (1 ) 

A  pressure  drop  AP  across  the  capillary  will  give  rise  to 
a  Poiseuille  flow  inside  the  capillary  with  a  velocity 
profile 


V(r)  =  -  0.25AP  (r*-R^)/|  (2) 

The  concentration  fluctuations  are  calculated  In  the 
framework  of  Langevin  method.  The  deviation  6n(r,r)  from 
the  average  concentration  n^  can  be  found  from  non- 

equilibrium  thermodynamics.  This  can  be  done  by 
Introducing  a  random  driving  term  f  to  the  linearized 
convective  diffusion  equation 

dn/dt  =  -dlvj/e  (3) 

^  =  neV  +  oE  (4) 

By  taking  Into  consideration  that  L»R  we  neglect  by  end 
effects  and  consider  only  fluctuations  In  r-dlrection.  As 
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a  consequence  ol‘  It,  a  term  which  is  proportional  to  the 
velocity  of  flow  vanishes.  This  takes  place  because  the 
velocity  vector  is  perpendicular  to  gradient  of 
concentration  and  they  scalar  production  equals  to  zero. 
This  result  in  the  following  equation 


d6n(r,t)/dt  =  -DA6n(r,t)  -  oA(f)  +  f  (5) 

Where  o  is  the  conductivity,  cj)  potential  across  the 
capillary,  D  diffusion  coefficient.  The  average  value  of 
f  is  zero  and  its  second  moment  is  given  by  the  following 
expression 

<tt>  =  -4Di7^7  _.qn(r)6(r-r' )j6(t-t' )  (6) 


The  concentration  fluctuations  will  give  rise  in 
fluctuations  of  potential  across  the  capillary.  So,  the 
additional  fluctuating  flow  in  r-direction  will  take 
place.  The  correlation  between  5n  and  dip  is  given  by 
Polsson-Boltsman  equation 


-e5n  -  e(n'‘~n  )  =  ss^A(4)  +  dip) 


By  using  Einstein  correlation 


we  can  find 


ji  =  kTD 


5n  =  2n  e64>/kT 


By  solving  the  set  of  equations  (5),  (7)“(9)  we  can  find 
the  needed  correlation  between  5n  and  f 


Sae  D  +  io)  5n  =  f 


Where  ae  is  the  reverse  Debai  radius.  Thus 


<f  f  > 


<5n6n>  = 


(1  .5ae^D)^  ) 


Therefore,  the  p.s.d.  of  current  fluctuations  has  xhe 
following  form 


(2'ii:e  )  ^  ’  )'irdr' 


+  (1  .Sae^D)^ 
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The  solution  ot  Polsson-Boltsman  equation  can  be  written 
through  Bessel's  functions 


nir)= 


(aeR ) 


Where  I  is  a  Bessel  function  of  zero  order.  The  average 

O 

current  with  the  concentration  distribution  given  by  (13) 
is  written  as  follows 


r  2  (aeR)- 


(14) 


For  the  ratio  ol  excess  noise  to  the  electrical  current 
we  now  find  fomula 


eDG(aeR)  1 

"  ix^££^(j)^R^L  (1  •Sae^'D)"' 


(15) 


where 


(X)  (x^-  (aeR)®  )dx 

G(aeR)  =  - - - -  (16) 

x*I„  (x)[l-2I,  (x)/xl„  (x)]| 


Function  G(aeR)  has 
significant  dependence  on 
electrokinetlc  radius  of  a 
capillary  (figure  1).  Let 
us  evalixate  tne 
contribution  of  obtained 
noise  to  the  whole  noise 
In  comparison  with  the 
Johnson  noise.  The  typical 
parameters  for  EKG  ^e 
R=1um,  aeR=2,  D=10  m  /s, 
L=2mm,  (|)_j=25pV,  £=10.  Thus 

for  single  capillary  we 
have 
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Therelore,  at  the  ctirrent  of  10  A  through  a  capillary, 
the  excess  noise  results  In  the  same  contribution  to 
p.s.d.  as  Johnson  noise  does. 
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ABSTRACT 

The  method  for  the  analysis  of  linear  Inertial  cir¬ 
cuits  affected  by  wlde-band  (up  to  carrier  frequency) 
fluctuations  In  parameters  Is  worked  out.  AM-FM  noise  ca¬ 
used  by  capacity  fluctuations  In  IC-osclllator  and  In  the 
capacitive  oscillatory  circuit  Is  determined. 

INTRODUCTION 

Different  methods  for  the  analysis  of  fluctuations 

in  oscillators  are  known.  Here  the  method  by  Ydklmov^  for 
computer-aided  analysis  is  developed.  This  method  uses 
the  analytical  signal  by  Gabor.  Fluctuations  are  presen¬ 
ted  by  a  column  vector  with  two  elements:  m(t)  -  AM  noise 
(relative  to  the  carrier),  and  (p(t)  -  PM  noise: 

QX(t)  =  [m(t).  (f>(t)]'^  . 

Here  "T"  means  the  transposition  of  the  matrix. 

The  circuit  Is  divided  on  nonlinear  Inertialess,  and 
linear  Inertial  elements,  described  by  matrices  [2>‘2]  de¬ 
termining  the  transformation  of  AM-PM  noise  In  the  signal 
with  frequency  Each  noise  source 

e(t  Mejt  )+Se^p(  t))-  exp(  JwJ ) 

In  the  circuit  Is  described  by  the  column  vector: 

E(t)  =  [ejt), 

Fluctuations  In  parameters  of  elements  are  accounted  In 
similar  way.  Thus,  output  signal  of  each  element  Is  de¬ 
termined  by  matrix  algebra.  Data  on  matrices  and  matrix 
relations  are  put  In  a  computer.  The  method  of  Haua  and 

Mler^  Is  used  giving  the  resulting  matrix  of  AM-PM  noi¬ 
se  spectra.  The  peak  and  pedestal  of  the  signal  spectral 

line  may  also  be  evaluated 

The  method  has  no  restrictions  on  noise  modulation 
frequencies.  The  problem  only  was  with  the  account  of 
wlde-band  fluctuations  In  parameters  of  linear  Inertial 
circuits  (e.g. ,  capacitors  and  Inductances).  Just  this 
problem  Is  solved  in  the  present  paper. 
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THE  MAIN  IDEA  OF  THE  METHOD 

Let  us  consider,  as  an  example,  the  capacitor  having 
non-perturbed  capacitance  and  relative  fluctuations 

6C(t).  The  input  current  i(t)  is  represented  as  an  analy¬ 
tic  signal: 

i(t)  =  (Udi)i^-exp(Jw^t)  . 

Here  is  the  complex  amplitude  of  the  signal;  5i(t)= 

-relative  fluctuations  In  the  amplitude. 

Simplifying  the  problem,  we  suppose  the  spectrum  of 
capacity  fluctuations  to  be  nonzero  only  In  finite  frequ¬ 
ency  band,  and  these  fluctuations  are  small  (If  necessa¬ 
ry,  the  considered  time  Interval  Is  to  be  restricted): 

<  60^  >^  =  0  for  2F  >  fj=  w^/2ic;  6?  «  t  ,  (1 ) 

AM-PM  noise  is  to  be  satisfied  to  similar  conditions; 
thus,  we  can  reject  small  effects  of  the  second  order. 

The  capacitor  Is  considered  to  be  inertial  element. 
But  the  relation  between  the  applied  voltage  and  the  ac¬ 
cumulated  charge  Is  Inertialess: 

1  r 

v(t)  = -  i(t)dt.  (2) 

C(t)  J 

The  following  relation  for  relative  fluctuations  In 
complex  amplitudes  of  the  current  and  voltage  may  be  car¬ 
ried  out  from  Fourler-transform  of  eq.(2): 

.  O) 

Here  n=0Mjj^  Is  the  analyzing  frequency,  Z^=(JuC^)~^  -the 

Impedance,  7^  -the  complex  amplitude  of  the  voltage  v(t). 

One  can  see  from  eq.(3)  that  the  smallness  of  fluctuati¬ 
ons  allows  to  describe  perturbations  In  reactance  by  the 
additive  voltage  noise  source  having  amplitude  presented 

by  the  last  term  In  eq.(3):  7^=  -7^6C('flJ.  The  supposition 

about  quasl-statlc  character  of  capacitance  fluctuations 
was  not  used  In  eq.(3).  Restrictions  on  the  spectrum  of 
fluctuations  are  linked  only  with  simplification  (1). 
Relation  (3)  may  be  written  In  other  way: 

i^Qi(Q)  =  G^(w^+Q)-7^Q7(Q)  +  IJQ)  , 

m 

where  that  means  perturbations  In  the  capacltan- 
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ce  are  accounted  by  the  current  noise  source  having  the 
amplitude 

ija)  =  G^(w^+a)  vja)  .  (4) 

Carrying  out  analogous  to  (2,3)  relations  for  per¬ 
turbations  In  the  Inductance  L(t)=(1+QL(t ))-L^  and  resis¬ 
tance  R=(UdR(t))-R^,  one  can  formulate  the  universal  al¬ 
gorithm  for  the  account  of  wlde-band  fluctuations  In  li¬ 
near  circuits  parameters.  Let  us  note  that  conditions  (1 ) 
are  used  In  the  common  analysis  as  well. 

AN  ACCOUNT  OP  FLUCTUATIONS  IN  PARAMETERS 

The  account  of  fluctuations  In  linear  circuit  para¬ 
meters  under  AC  excitation  Is  consisted  In  the  following. 
An  element  subjected  to  fluctuations  In  Its  parameters  is 
replaced  by  the  equivalent  circuit  containing  the  non- 
perturbed  element  and  the  voltage  noise  source 

■  m  (\  } 

vjt)  =  7^  (t)-exp(Jw^t),  \^,L,R  , 

In  series  with  this  element;  or  non-perturbed  element  and 
the  current  noise  source 

•  •  (^) 

ijt)  =  (t)-exp(Jw^t)  . 

In  parallel  with  It.  Fourier- transforms  for  amplitudes  of 
voltage  noise  sources  are; 

.(C)  .  .(L)  .  .(R) 

7  (Q)=  -7  Bern;.  7„  (Q)=  vsiw,  (□;=  7  oRcn; 

Tl  ij  Tl  ^  Kf 

m 

for  capacitance.  Inductance,  and  resistance;  7^  Is  non- 

perturbed  amplitude  of  the  voltage  on  the  element. 

The  current  noise  source  amplitude  Is  evaluated  by 
relation  analogous  to  eq. (4): 

.(X)  .  .(X) 

(Q)  =  G;^(V^;-7  , 

where  Is  conductance  of  non-perturbed  element.  The 

further  analysis  Is  made  up  by  the  method  of  linear  cir¬ 
cuit  analysis  based  on  Klrchhoff  equations. 

FLUCTUATIONS  IN  iC-OSCILUTOR 

As  the  simplest  example,  let  us  consider  the  feed¬ 
back  circuit  or  IC-osclllator  (see  flg.1).  Here  the  cur¬ 
rent  noise  source  accounts  perturbations  In  the  resonator 
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capacity  C(t)=(UdC(t))C^.  Pourier-transfonn  of  the  sour¬ 
ce  amplitude  Is  1„(Q)=  ■/■njU^G^dCCQ),  where  U„  means 
TlfCf  o  o  o  o 

non-perturbed  complex  amplitude  of  the  voltage  on  the  ca¬ 
pacitor.  Using  Klrchhofi  equations  one  can  get  the  fol¬ 
lowing  equation  for  the  feedback  circuit: 

=  G^(w^-hQ) -7^57(0)  +  ,  (5) 

where  61 ('fl;  and  I  and  7  are  relative  fluctuatl- 

o  o 

ons  and  non-perturbed  values  of  complex  amplitudes  of  the 
amplifier  output  current  i(t)  and  the  feedback  voltage 
v(v)  fundamental  harmonics; 

Cyfco;  =  (1  -h  (i)^/w))/(R^^n^} 

Is  the  complex  conductivity  of  the  oscillator  feedback 
circuit ;  0)^ ,  and  Q  -resonance  frequency  and  resistan¬ 
ce,  and  the  quality  factor  of  the  resonator;  =  U/L  Is 
the  transformation  factor. 


i  R  M 


Pig.1.  The  feedback  circuit  of  IC-osclllator. 

The  transformation  of  the  feedback  voltage  Into  the 
current  by  Inertlaless  amplifier  does  not  affect  the  pha¬ 
se  noise,  but  AM-nolse  Is  weighted  by  factor  7^  been  the 

normalized  local  slope  for  the  fundamental  harmonic: 

‘Pi  =  ‘Pt,  '  ”^i  =  .  (6) 

AM-frequency  noise  caused  by  perturbations  In  the 
resonator  capacitance  may  be  evaluated  from  eq.(5)  by  the 

usage  of  the  method  by  Yaktmov  ^  and  accounting  eq.(6): 

•  vJQ)=JQ-<pja)=Ty^(Q}  ■  dC(Q). 

Transformation  factors  and  may  be  determined  up 
to  analyzing  frequencies  |x|  <  1/2,  where  x  =n/u)^  Is  the 
normalized  analyzing  frequency.  But  these  factors  practl- 
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cally  do  not  differ  from  values  found  In  quasi-static  ap¬ 
proximation  (|xl«1)  giving  the  known  result: 

=  -('r-7^r‘'6Cfn;  ;  vl^cQ)  =  . 

It  should  be  noted  that  capacity  perturbations  af¬ 
fect  the  frequency  much  stronger  than  the  amplitude  of 

oscillations.  Factors  and  in  contrast  with  those 

quasi-static  values,  account  cross-transformation  effects 
caused  by  imaginary  parts  of  the  factors.  As  far  as  in 
IC-osclllator  cross-transformations  are  small,  the  diffe¬ 
rence  between  the  factors  at  high  analyzing  frequency  and 
near  the  zero  frequency  is  small  as  well.  But  some  oscil¬ 
lator  circuits  exist  having  cross-transformation  stronger 
than  in  IC-clrcult.  The  usage  of  such  circuits  may  lead 
to  the  Increase  in  transformation  factors  at  high  analy¬ 
zing  frequencies. 

CAPACITIVE  OSCILLATORY  CIRCUIT  ANALYSIS 

Let  us  analyze  the  capacitive  oscillatory  circuit 
having  the  feedback  with  perturbations  in  capacity  G^{t) 

shown  in  flg.2.  Carrying  the  analysis  similar  to  made  for 
LC-oscillator,  one  can  find  transformation  factors  deter¬ 
mining  the  output  voltage  AM-PM  noise. 


i  R  L 


Fig. 2.  The  feedback  of  capacitive  oscillatory  circuit. 

Absolute  values  of  these  factors  have  the  sense  of 
sensitivities  of  AM-FM  noise  to  capacity  fluctuations. 
Dependence  of  these  sensitivities  on  the  normalized  fre¬ 
quency  X  =  n  /  0)^  is  shown  in  fig. 3;  full  lines  are  drawn 

for  AM-nolse,  and  broken  lines  -  for  frequency  noise  nor¬ 
malized  on  value  Following  values  of  parameters  we¬ 
re  used:  Q  =  50,  7^  =  0.7;  n  =C^/(C^+Cg)  =  0.8  (curves  1) 

and  n  =  0.9  (curves  2).  Note  that  the  Increase  in  the 
difference  between  the  capacitance  Og  and  the  serial  ca¬ 
pacitance  of  and  Og  determining  the  oscillation  frequ- 
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ency  leads  to  the  Increase  of  the  dllference  between  the¬ 
se  factors  at  zero  and  high  frequencies. 


Pig.3.  Modulation  sensitivities  for  AM-FM  noise. 


CONCLUSION 


The  method  suggested  here  for  the  account  of  fluctu¬ 
ations  In  parameters  of  linear  Inertial  circuits  gives 
the  possibility  to  Investigate  amplitude  and  phase  per¬ 
turbations  of  signals  In  wide  analyzing  frequency  band. 

Author  is  thankful  to  The  Netheriands  Organization 
for  Scientific  Research  (NWO)  and  to  Prof.  F.N.Hooge  for 
the  support  of  Investigations  on  the  considered  problem. 
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ABSTRACT 

A  new  form  of  heterodyning  is  reported,  related  to  stochastic  resonance,  in 
which  a  heterodyne  signal  can  be  enhanced  by  adding  noise. 

One  of  the  important  physical  problems  of  information  processing  and  transfer 
is  how  to  control  the  signal- to- noise  ratio  (SNR).  Usually,  this  ratio  decreases  with 
increasing  intensity  of  noise.  However,  under  certain  circumstances  it  behaves  in 
the  opposite  way.  The  phenomenon  of  the  noise-induced  increase  of  SNR  was 
called  stochastic  resonance  (SR)  [1].  It  has  attracted  much  attention  recently  (see 
[2]).  Most  of  the  data  on  SR  has  been  obtained  for  bistable  systems  driven  by  noise 
and  by  a  low-frequency  periodic  force.  The  onset  of  SR  in  these  systems  is  related 
to  the  fact  that  the  probabilities  Wnm  of  transitions  between  co-existing  stable 
states  (n,m  —  1,2)  increase  exponentially,  in  the  case  of  Gaussian  noise,  with 
increasing  noise  intensity  D,  A  low-frequency  external  periodic  force  Aq  cos  fit 
modulates  the  activation  energies  and  as  a  result  the  transition  probabilities  Wnm 
are  modulated  too.  In  turn,  the  modulation  of  Wnm  gives  rise  to  a  modulation 
of  the  populations  of  the  stable  states.  For  a  symmetrical  double-well  potential, 
the  force  periodically  makes  one  of  the  wells  deeper  than  the  other,  and  the 
system  occupies  it  with  a  larger  probability.  As  a  result,  the  amplitude  of  the 
oscillations  is  proportional  to  the  relatively  large  difference  —  X2  in  the  values 
of  the  coordinate  in  the  stable  states 

When  the  above  mechanism  comes  into  play  through  the  onset  of  fluctuational 
transitions,  the  amplitude  of  the  periodic  signal  increases  with  increasing  noise 
intensity,  in  a  certain  range  of  D,  and  the  SNR  increases  with  Z),  too.  It  works, 
provided  (i)  the  stationary  populations  of  the  states  in  the  absence  of  the  periodic 
force  are  nearly  equal  to  each  other  [3],  and  (ii)  the  frequency  of  the  force  is 
much  smaller  than  the  reciprocal  relaxation  time  of  the  system,  so  that  the 
transitions  are  likely  to  occur  within  the  period  27r/n. 

The  frequency-selective  response  of  bistable  systems,  and  also  the  fact  that 
the  SNR  increases  with  increasing  noise  intensity,  makes  it  interesting  to  apply 
the  idea  of  SR  to  heterodyning  so  as  to  obtain  a  form  of  the  phenomenon  that  is 
enhanced  rather  than  suppressed  by  noise.  In  heterodyning,  two  high-frequency 
fields,  one  of  them  a  signal  and  the  other  a  reference  field,  are  mixed  nonlinearly 
to  generate  a  signal  at  a  difference  frequency.  In  this  paper  we  report  and  discuss 
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a  new  form  of  the  phenomenon,  noise- enhanced  heterodyning  (NEH),  that  occurs 
in  bistable  systems  and  is  highly  frequency  selective.  We  have  investigated  it 
theoretically  and  by  analogue  electronic  simulation. 

We  shall  illustrate  the  effect  on  a  model  of  an  overdamped  bistable  system 
driven  by  three  time-dependent  forces  representing  respectively  the  reference  and 
input  signals,  and  the  noise.  The  motion  of  the  system  is  described  by  the  equation 

dx 

—  ~U\x)  -f  AreiX  COSLOot  +  yfin(^)  COs[uJot  (f){t)]  +  f{t)  (l) 

Here,  the  term  oc  is  the  reference  signal  of  a  given  frequency  cjq  (the  corre¬ 
sponding  force  is  applied  multiplicatively),  and  the  term  oc  is  the  modulated 

high-frequency  input  signal  (applied  additively).  The  functions  Ain(t)  and  (j){t) 
are  slowly  varying  as  compared  with  costuo^,  and  it  is  their  variation  in  time  that 
has  to  be  revealed  via  heterodyning.  The  heterodyning  can  be  characterized  by 
the  low-frequency  signal  at  the  output,  x(t)^  for  Ain  =  const  and  (j)  =  Ctt-\-  const, 
with  H  <C  u;o,  i.e.,  for  a  monochromatic  input  signal  with  the  frequency  ljq  +  H 
slightly  different  from  the  frequency  cjq. 

We  shall  assume  that  the  double- well  potential  of  the  system  U{x)  has  equally- 
deep  wells,  corresponding  to  standard  SR,  and  is  of  the  form 

=  (2) 

The  minima  of  the  potential  (2)  (the  stable  states  of  the  system)  lie  at  Xn  = 
(  — 1)",  n  =  1,2,  and  the  characteristic  (dimensionless)  relaxation  time  of  the 
system  =  \IU”{xn)  =  1/2.  The  analysis  of  heterodyning  in  bistable  systems  is 
not  limited  to  the  particular  form  of  Eqs.(l),(2).  However,  the  explicit  expressions 
take  on  a  simple  form  for  this  model.  They  are  further  simplified  in  the  case 
where  the  frequencies  of  the  input  and  reference  signals  are  high  compared  with 
the  reciprocal  relaxation  time  of  the  system,  Cc^o  '>  t~^ . 

The  term  f{t)  in  (1)  is  a  zero- mean  Gaussian  noise.  In  view  of  the  possible 
applications  we  will  allow  for  noise  that  consists  of  two  independent  components, 
of  low  and  high  frequency  respectively,  with  the  latter  being  randomly  modulated 
vibrations  at  frequency  ljq  (which  might  result  from  the  scattering  of  the  signal 
at  frequency  c<;o): 

fit)  =  fi/it)  +  hfit),  fhAt)  =  Re  (A/(0  exp(-zu;oi))  ,  (3) 

The  power  spectrum  of  the  low-frequency  noise  is  assumed  to  be  flat  up  to 

cj  ~  cjc  ^  t~^  {^c  may  be  small  compared  to  wq)* 

For  Wo  ^  tr^  the  motion  of  the  system  consists  of  fast  oscillations  at  frequency 
Wo  (and  its  overtones)  superimposed  on  a  slower  motion.  To  first  order  in  w^^  the 
equation  for  the  smooth  part  of  the  coordinate,  is  of  the  form 

+  A{t)  sin  m  +  /'“’(<)-  A{t)  =  (4) 

zwo 
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where  =  fif{t)  -  {Are{/2uJo)lmfhf{t)  is  the  noise  which,  in  view  of  the  above 

comments,  will  be  assumed  white 
(its  correlation  time  <C 

8 1 — ji  I  I  I  I  I  ;  I  I  tr).  The  noise  intensity  D  is  com- 

-  3  0x2  ~  posed  of  a  weighted  sum  of  low 

6  -  3  rr^  frequency  contributions. 

_  ^  _  The  dynamics  of  the  sys- 

4  -  i  ^  described  by  Eqs.(2),  (4),  for 

/  o  o  "  A(i),  (^(t)  varying  slowly  over  the 

jJ,  9  ©o^o  Q  <P  Q  _  time  tr,  has  been  investigated  in 

^  detail  in  the  context  of  stochastic 

~  resonance.  For  sufficiently  small 

8.0  0.05  0.1  0.15  0.2  0.25  ^  general  analysis  of  the  re- 

sponse  can  be  done  in  terms  of 

,  .TT^TTr  /  •  1  \  j  1,-  u  linear- response  theory  [3].  In  the 

Fig.l  NEH  for  white  (arcles)  and  high-  ^  monochro- 

frequency  (boxes)  noise.  The  dashed  and  frequency  0,  i.e., 

dotted  lines  are  theory.  <j>{t)  =  A  sin  Ot,  a  ^-shap- 

ed  spike  arises  in  the  power  spectrum  of  the  coordinate  at  a;  =  H  on  top  of 

the  broad  spectrum. 

As  in  standard  stochastic  resonance,  NEH  can  be  characterized  by  the  ratio 
R  of  the  intensity  (area)  of  this  spike  (which  is  just  proportional  to  the  squared 
amplitude  of  forced  vibrations  at  frequency  17)  to  the  value  of  the  power  spectrum 
at  the  same  frequency  for  A  =  0 


R  —  it 


A^{x2-x^f 

16i72  WAnHlb  ’ 


b  =  iD/{x2  -  a^i)' 


Eq.(5)  was  shown  in  [4]  to  hold  for  arbitrary  0,/W  {W  oc  exY>J^—AUip)  is  the 
probability  of  the  interwell  transitions)  to  lowest  order  in  Qtr,  btr,  W/D  <  1.  It 
follows  from  (5)  (and  also  from  the  more  general  expression  for  the  SNR)  that, 
in  the  range  of  the  noise  intensities  where  nbtr  ~  VF  ~  the  SNR  increases 
with  increasing  noise  intensity.  The  fact  that  this  increase  is  quite  sharp  -  nearly 
exponential  -  means  that  noise-enhanced  heterodyning  would  be  expected  to  arise 
in  a  bistable  system,  whether  driven  by  a  low-  or  a  high-frequency  noise  (or  both). 

The  onset  of  NEH  has  been  investigated  experimentally  by  means  of  ana¬ 
log  electronic  simulation.  The  design  will  be  discussed  elsewhere.  In  Fig.l  the 
experimentally  measured  values  of  the  heterodyne  SNR  are  compared  with  the 
theoretical  predictions  for  low-  and  high-frequency  noises.  It  is  clearly  seen  that, 
in  both  cases,  there  is  an  interval  of  noise  intensities  where  the  SNR  sharply 
increases  with  D,  Below  and  above  this  interval  the  SNR  decreases  with  increas¬ 
ing  noise  intensity.  The  experimental  data  are  in  satisfactory  agreement  with  the 
linear-response  theory;  we  note  that  the  latter  does  not  contain  any  adjustable  pa¬ 
rameters  (we  have  used  an  expression  [4]  that  allows  for  the  corrections  Dj AU 
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omitted  in  (5)).  It  has  been  shown  experimentally  that  R  is  proportional  to  the 
squared  amplitudes  of  the  reference  and  input  signals,  and  also  that  R  oc  over 

a  broad  range  of  ldq  up  to  ^ 
2t~^  as  shown  in  Fig. 2. 

Of  particular  interest  is  the 
dependence  of  the  SNR  on  the 
modulation  frequency  O.  It  fol¬ 
lows  from  (5)  that  in  the  inter¬ 
esting  range  where  R  sharply  in¬ 
creases  with  noise  intensity,  i.e. 
in  the  range  D  <C  AU,  R  also 
increases  quite  sharply  with  Q, 
from  the  value  that  corresponds 
to  the  SNR  in  the  neglect  of  the 
intrawell  motion,  R  —  Rq  ^ 
ttA^W/ADD  for  very  small  0,  up 
to  the  value  that  corresponds  to 
the  SNR  in  the  neglect  of  the  in¬ 
terwell  transitions,  R  ^ 

As  in  the  case  of  SR  [2],  a  simple 
way  to  avoid  frequency  dispersion 
is  to  apply  two-state  filtering  where  the  quantities  of  interest  are  the  values  of  the 
coordinate  coarse-grained  over  the  vicinities  of  the  stable  states.  For  Q  <  t~^  the 
value  of  the  SNR  at  the  output  of  a  two-state  filter  is  given  approximately  by  Rq. 

In  conclusion,  we  have  demonstrated,  theoretically  and  experimentally,  that 
bistable  systems  can  be  used  to  obtain  heterodyning  in  which  not  only  the  ampli¬ 
tude  of  the  signal  at  the  output,  but  also  the  signal- to- noise  ratio  increases  with 
increasing  intensity  of  the  noise. 
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(UK),  by  the  EC,  by  the  Royal  Society  of  London,  and  by  the  Gosstandart  of 
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ABSTRACT 

Fluctuation-induced  transitions  between  coexisting  periodic  attractors  in  a 
periodically  driven  nonlinear  oscillator  have  been  investigated  theoretically  and 
by  analogue  electronic  experiment.  Calculations  and  measurements  of  the  corre¬ 
sponding  activation  energies  are  in  good  agreement,  and  have  enabled  the  position 
of  the  kinetic  phase  transition  (KPT)  line  to  be  established  over  its  full  range. 

The  kinetics  of  an  oscillator  is  a  long-standing  and  important  problem  of  clas¬ 
sical  and  quantum  statistical  physics,  for  two  reasons.  On  the  one  hand,  many 
real  physical  systems  can  be  well  modelled  by  such  oscillators  and,  on  the  other, 
comparatively  simple  solutions  can  be  obtained  for  models  of  this  kind,  in  particu¬ 
lar  for  an  underdamped  nonlinear  oscillator  (see  [I]).  Interesting  new  phenomena 
arise  if  an  underdamped  nonlinear  oscillator  is  driven  by  a  nearly  resonant  force. 
Since  the  frequency  of  the  eigenvibrations  of  the  oscillator  depends  on  their  ampli¬ 
tude,  there  is  a  certain  range  of  the  forcing  amplitude  in  which  there  are  co-existing 
stable  states  of  vibration  with  comparatively  small  and  large  amplitudes  respec¬ 
tively.  The  corresponding  eigenfrequencies  are  self- consistently  in  comparatively 
bad  or  good  resonance  with  the  field  frequency  cj}?.  The  bistability  of  a  periodi¬ 
cally  driven  oscillator  has  been  observed  for  cyclotron  motion  of  an  electron  in  a 
quadrupole  trap  [2].  It  has  been  discussed  also  in  the  context  of  optical  bistability 
[3],  and  in  acoustics  and  engineering. 

An  oscillator  bistable  in  a  periodic  field  provides  an  example  of  a  bistable 
system  far  from  thermal  equilibrium,  for  which  the  co-existing  attractors  are  limit 
cycles.  The  quantities  of  particular  interest  and  importance  for  nonequilibrium 
bistable  systems  are  the  probabilities  Wnm  of  fiuctuational  transitions  between 
the  stable  states  (n,m  =  1,2).  For  weak  intensity  of  the  fluctuations  (induced  by 
external  noise,  or  resulting  from  coupling  to  a  thermal  bath)  these  probabilities 
are  very  much  smaller  than  the  characteristic  reciprocal  relaxation  time(s)  of  the 
system  .  In  the  general  case,  the  probabilities  Wu  and  W21  of  the  transitions 
1  — 2  and  2  — +  1  are  strongly  different  (exponentially  different,  for  Gaussian 
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noise),  as  are  the  stationary  populations  wx^2  of  the  stable  states  , 

Wx=W2llW,  W2  =  Wx2lW,  W  =  Wt2i-W2i  (1) 

Only  within  a  narrow  range  of  the  parameters  of  the  system  are  and  W2  of 
the  same  order  of  magnitude.  In  this  range  a  kinetic  phase  transition  occurs 
and  although  the  fluctuations  about  each  stable  state  are  small,  large  fluctuations 
then  come  into  play,  related  to  transitions  between  the  states.  A  feature  of  these 
fluctuations  is  that  they  are  infrequent,  the  characteristic  time  scale  being  ~ 
and  they  would  therefore  be  expected  to  give  rise  to  high  supernarrow  peaks  (of 
width  ~  IP  <C  ^r^)in  the  spectral  density  of  the  fluctuations  (SDF)  and  in  the 
susceptibility  at  the  frequency  of  the  co-existing  limit  cycles  and  its  overtones  (we 
note  that  a  nonequilibrium  system  can  amplify  a  weak  signal,  i.e.,  the  imaginary 
part  of  the  susceptibility  can  be  negative)  [1].  The  intensity  of  the  peaks  should 
(and  for  the  SDF  does  [4])  display  an  extremely  sharp  dependence  on  the  distance 
to  the  transition  point.  Since  the  supernarrow  peaks  in  the  susceptibility  are  due 
to  fluctuations  (caused  by  the  noise  driving  the  oscillator),  then,  in  a  certain  range 
of  the  noise  intensity  J5,  the  amplitude  of  a  signal  due  to  an  additional  weak  force 
should  increase  with  increasing  B.  This  is  a  prerequisite  for  stochastic  resonance 
(SR)  -  an  interesting  phenomenon  that  has  attracted  much  attention  recently  in 
view  of  various  applications  [5].  In  contrast  to  the  “conventional”  SR  observed 
at  low  frequencies,  in  the  case  of  a  periodically  driven  oscillator  there  arises  [6]  a 
high-frequency  form  of  stochastic  resonance  (HFSR). 

We  present  below  some  results  on  fluctuations  in  a  nonlinear  oscillator  obtained 
recently  by  means  of  analog  simulation  and  theoretically.  The  model  investigated 
is  described  by  the  equation 

q-\r2Vq  u:lq^r  —  F  f{t)  (2) 

r,  M  <  =  a;o,  =  2TBS{t  -  t') 

Here,  f{t)  is  Gaussian  white  noise.  For  small  friction  coefficient  F  and  small 
frequency  detuning  of  the  driving  force  with  respect  to  the  eigenfrequency  of  the 
oscillator  wq,  and  also  for  a  comparatively  small  field  amplitude  F,  the  motion 
of  the  oscillator  is  primarily  vibrations  at  a  frequency  ujp  with  slowly  varying 
amplitude  and  phase.  The  dynamics  of  the  latter  depends  on  the  values  of  two 
dimensionless  parameters,  /?  and  77,  and  also  on  the  dimensionless  noise  intensity 
a, 

/?  =  3|7|F^/32a;|.|<^u;p,  i]  =  T/\S(jj\,  a  =  3|7|jB/16(x?^r  (3) 

(the  kinetics  of  slow  variables  is  basically  the  same  whether  the  model  (2)  is  used 
or  fluctuations  are  assumed  to  be  due  to  the  coupling  to  a  thermal  bath;  the  main 
point  is  that  the  power  spectrum  of  the  noise  f{t)  should  be  flat  in  a  range  ~ 
about  ujf)‘  The  range  of  ^,7/  where  the  two  attractors  coexist  as  calculated  and 
measured  in  the  experiment  is  enclosed  by  the  approximately  triangular  region 
shown  in  Fig.l.  On  the  upper  branch  of  the  small- amplitude  limit  cycle 
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(the  stable  state  1)  merges  with  an  unstable  one  and  disappears,  whereas  on  the 
lower  branch  this  occurs  to  the  large-amplitude  limit  cycle  (the  stable  state  2).  A 

fluctuating  periodically  driven 
nonlinear  oscillator  was  one  of  the 
first  physical  systems  without  de¬ 
tailed  balance  for  which  the  prob¬ 
abilities  of  transitions  between  co¬ 
existing  stable  states  were  ana¬ 
lyzed  [7],  It  follows  from  the  the¬ 
ory  [7]  that,  to  logarithmic  accu¬ 
racy,  the  dependence  of  Wnm  on 
the  noise  intensity  is  of  activation 
type, 

0  0.1  0.2  0.3  0.4 

r)2  Wnm  -  const  xexp(-i2„/a)  (4) 


Fig.l  The  phase  diagram  as  calculated 
(full  lines)  and  measured  (squares  [4]).  The 
calculated  KPT  line  (dashed)  is  compared 
with  experimental  measurements  (circles). 


The  values  of  the  activation  ener¬ 
gies  i?i,2  for  the  transitions  from 
the  states  1,2  depend  on  the  pa¬ 
rameters  /?,  7]  and  are  given  by  the 
solution  of  a  variational  problem. 


Such  an  activation  dependence  on  the  noise  intensity  for  a  system  without  detailed 


balance  has  indeed  been  observed  in  our  experiments.  The  experimental  mean  first 


passage  times  (MFPT)  and  acti- 
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Fig. 2  Dependence  of  the  experimental 
MFPT  on  reciprocal  noise  intensity  for  = 
0.033. 


vation  energies  Ri^2  are  shown  in 
Figs. 2  and  3.  As  expected,  the 
activation  energy  for  escape  from 
the  small-amplitude  limit  cycle 
decrecises  with  increasing  /?  (i.e., 
with  increasing  field  amplitude) 
until  Ri  becomes  equal  to  0  at  the 
bifurcation  point  where  the  sta¬ 
ble  state  disappears.  Conversely, 
R2  increases  with  increasing  /?. 
The  data  are  in  reasonably  good 
agreement  with  the  results  of  the 
numerical  solution  of  the  varia¬ 
tional  problem  for  Ri^2’  there  are 
no  adjustable  parameters  in  ei¬ 
ther  the  theory  or  the  experiment. 
It  follows  from  the  expressions 


(1),(4)  that  for  the  most  of  the  values  of  7/  the  ratio  of  the  stationary  populations 
of  the  states  w\lw2  oc  exp  (—(7^2  —  7?i)/a)  is  either  exponentially  large  or  small, 
and  only  for  Ri  «  R2  are  the  populations  of  the  same  order  of  magnitude. 
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The  KPT  phase-transition  line 
as  given  by  the  condition 
Ri  =  R2  is  shown  dashed  in  Fig.l. 
It  was  found  analytically  for  small 
values  of  7/^  (we  note  that  fSc  is 
a  nonanalytic  function  of  7/^  for 
small  7/^  -  /?c(0)  oc  7/) 

and  in  the  vicinity  of  the  spin- 
ode  point  and  it  was  evaluated 
numerically  in  between  using  the 
calculated  values  of  The  ex¬ 
perimental  points  (circles),  which 
were  obtained  from  the  condition 
W12  =  IF21,  are  seen  to  be  in  good 
agreement  with  the  theory.  The 
supernarrow  peaks  in  the  SDF,  corresponding  to  those  anticipated  [7]  in  the  sus¬ 
ceptibility  of  the  system,  were  observed  previously  [4]. 

In  conclusion,  we  note  that  the  calculated  and  measured  activation  energies  are 
in  satisfactory  agreement  and  that  they  have  enabled  us  to  establish  the  position 
of  the  KPT  line  (P  ig.l)  over  the  full  range  of  rj^  from  zero  up  to  the  spinode  point 
K. 

The  work  was  supported  by  the  Science  and  Engineering  Research  Council 
(UK),  by  the  EC,  by  the  Royal  Society  of  London,  and  by  the  Gosstandart  of 
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Fig.3  The  experimental  and  theoretical 
activation  energies  for  7;^  =  0.033. 
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ABSTRACT 

The  crossing  processes  in  an  overdamped  double-well  potential  driven  by  an 
external  colored  noise  and  a  weak  sinusoidal  time-dependent  modulation  are 
investigated  by  means  of  analogue  simulation.  A  new  resonance  phenomenon 
{resonant  crossing)  is  revealed. 

The  crossing-time  distribution  in  an  overdamped  bistable  potential  driven  by  an 
external  white  noise  and  a  weak  sinusoidal  time-dependent  modulation  was 
successfully  employed  in  the  past  to  characterize  the  switch  dynamics  under 
Stochastic  Resonance*"^  (SR)  condition.  At  SR  the  amplitude  of  the  periodic 
component  of  the  system  response  reaches  a  maximum  when  the  forcing  period  is 
about  twice  the  average  crossing-time  induced  by  the  noise,  Tj^,  in  the  absence  of  the 
modulation.  When  looking  at  the  crossing-time  distribution,  the  SR  condition  causes 
the  peak  at  half  the  forcing  period  to  increase  up  to  a  maximum^’^.  Such  a  condition 
is  usually  attained  by  keeping  both  the  frequency  and  the  amplitude  of  the  periodic 
forcing  term  fixed  and  tuning  the  noise  intensity. 

Recently  it  has  been  shown^  that  a  new,  peculiar  resonant  behavior  of  the 
crossing  processes  takes  place  when  the  correlation  time  of  the  noise  term  is  finite 
(colored  noise).  For  the  sake  of  simplicity  let  us  consider  an  overdamped  bistable 
quartic  oscillator 

x  = -V'(x)  +  €(t)  + Acos(ft)t),  where  V(x)  = -^x^+^x"* 

The  random  noise  £(t)  is  taken  gaussian,  zero-mean  valued  and  exponentially 
time  correlated  with  correlation  time  x.  The  switch  dynamics  of  x(t)  between  its 
stable  values  is  controlled  by  the  interplay  of  random  fluctuations  and  periodic  drive. 
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On  sampling  the  signal  x(t)  with  an  appropriate  time-base,  one  can  determine  a 
random  point  process  as  follows:  data  acquisition  is  triggered  at  time  to=0  when 
x(t)  crosses,  for  instance,  x.  with  negative  derivative;  tj  is  the  subsequent  time  when 
x(t)  crosses  first  x+  with  positive  derivative;  is  the  time  when  x(t)  switches  back  to 
negative  values  by  re-crossing  x.  with  negative  derivative,  and  so  on.  Sequences  of 
50000  switch  times  Tj^  =  -  t^^  (with  n>0)  have  been  distributed  for  different 

values  of  the  crossing  level  Xj^,  bias  parameters  A  and  co  and  noise  correlation  time  X, 
to  obtain  the  normalized  switch-time  distributions. 


0  10  20  30  40 


T  Ims) 


Fig.  1:  N^(T),  ax=0.05,  Xj5=0,  Axq/D=3  for  four  values  of  V.  Inset:  B  V. 


L.  Gammaitoni  et  al  517 


The  results  of  our  simulation  work  can  be  summarized  as  follows: 

(i)  the  switch-time  distribution  No(T)  in  the  absence  of  modulation  (A=0)  has 
been  obtained  for  small  (ax  «  1)  to  large  (ax  »  1)  noise-correlation  times  and 
crossing  level  x^,  varying  between  0  and  the  most  probable  x  value  x,^(x).  N()(T) 
falls  off  exponentially  on  a  characteristic  time  scale  (of  the  order  of  T^^),  which 
increases  with  xi,,  markedly  in  the  weak  color  limit.  In  the  presence  of  a  periodic 
forcing  the  switch-time  distributions  N^(T)  exhibit  a  peak  structure  (Fig.  1  and  2) 
superimposed  on  the  relevant  unperturbed  distribution  No(T).  The  peaks  are  located 
at  around  the  odd  multiples  of  7t/co,  T^  =  (2m+l)  tc/cd.  At  high  frequency  the 


Fig.  2:  N^(T),  ax=100,  X|j=Xj^,  Axo/D=0.006  for  four  values  of  v.  Inset:  B  vs  V. 
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distribution  peaks  increase  with  m  and,  then,  decrease  exponentially.  This  property 
can  be  detected  only  for  values  of  co  such  that  the  first  peak  of  N^(T)  occurs  on  the 
rising  branch  of  Nq(T). 

(ii)  on  increasing  co  well  above  the  SR  value,  a  qualitative  difference  in  the 
peak  structure  of  N^(T)  for  ax  «  1  and  ax  »  1  becomes  noticeable.  In  the  white 
noise  limit  (Fig.  1)  the  peak  height,  with  respect  to  the  background,  is  maximum  at 
SR  and,  then,  decreases  with  increasing  o),  i.e.  with  the  number  of  detectable  peaks. 
For  very  large  values  of  co,  N^(T)  approaches  the  corresponding  exponential 
distribution  Nq(T). 

In  the  strongly  colored  limit,  the  peak  height  is  much  smaller  than  for  x=0; 

moreover,  it  grows  through  a  maximum  at  co  ==  yflaJr  (Fig.  2),  thus,  indicating  a 
resonance  effect  in  the  colored  intra-well  dynamics.  The  appearance  of  an  enhanced 
peak  structure  in  N/^(T)  for  a  certain  value  of  co  can  be  viewed,  indeed,  as  the 
signature  of  a  higher  order  in  the  random  point  process 

The  resonant  crossing  process  can  be  analyzed  quantitatively  by  introducing  a 
fitting  law^  [l-B(A,co)  cos(coT)]  N()(T).  The  fitted  values  of  B(A,co)  lie 

on  characteristic  resonance  curves  as  shown  in  Fig.  2  (inset).  A  theoretical 
interpretation  of  these  results  is  reported  in  Ref.  6. 

In  conclusion,  we  have  shown  that  the  crossing  process  in  an  overdamped 
bistable  stochastic  system  driven  by  a  periodic  modulation  is  characterized  by  three 
different  time-scales,  in  coincidence  with  the  inter-well  escape  time,  the  noise 
correlation-time  and  the  intra-well  time-constant;  the  spacing  between  adjacent  peaks 
is  controlled  by  the  forcing  frequency,  whereas  the  position  of  the  highest  peaks  is 
determined  by  the  noise  correlation-time  and  their  sharpness  is  an  apparent  signature 
of  the  colored  intra-well  dynamics.  These  properties  define  one  new  resonance  effect 
induced  by  colored  noise:  we  propose  to  term  such  a  phenomenon  resonant  crossing. 

Acknowledgment:  Work  supported  in  part  by  the  Istituto  Nazionale  di  Fisica 
della  Materia, 
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ABSTRACT 

Shot  noise  is  calculated  in  a  Double  Barrier  Resonant  Tunneling  Structure  (DBRTS) 
by  taking  the  space  charge  accumulated  inside  the  quantum  well  into  account.  The  cal¬ 
culation  is  self-consistent  in  nature  and  obtained  by  simultaneously  solving  Schrodinger 
and  Poisson’s  equations.  The  calculation  manifests  the  suppression  of  the  shot  noise 
in  the  the  positive  differential  resistance  region  and  an  enhancement  in  the  negative 
differential  resistance  region  of  the  DBRTS.  The  behavior  is  explained  iii  terms  of  the 
fluctuation  of  the  eigen  energy  of  the  structure  due  to  the  stored  charge  in  the  quantum 
well. 


INTRODUCTION 

Shot  noise  is  observed  in  almost  all  electronic  devices  and  is  due  to  the  fluctuations  in 
device  current.  The  fluctuations  are  attributed  to  the  randomness  of  the  carrier  flowing 
through  the  device.  In  resonant  tunneling  device,  the  current  is  a  very  strong  function 
of  eigen  energies  and.  thus  current  gets  modulated  by  any  parameter  which  changes 
eigen  energies.  One  such  parameter  is  space  charge  developed  inside  the  quantum  well. 
In  devices  where  eigen  energies  are  dependent  on  current,  significant  deviations  from 
full  shot  noise  may  occur.  In  DBRTS,  as  the  current  determines  the  amount  of  space 
charge,  it  is  intuitively  expected  that  it  may  show  the  suppression  of  shot  noise. 

To  calculate  shot  noise,  the  auto-  and  cross-correlations  among  allowed  eigen 
energies  inside  the  quantum  well  have  to  be  computed.  In  this  paper,  these  correlation 
terms  are  computed  by  calculating  space  charge  for  every  allowed  energy  level  separately 
and  then  evaluating  the  dependence  among  different  eigen  energies  that  arises  due  to 
the  contribution  through  the  space  charge. 


THEORY 


The  self-consistent  calculations  are  performed  by  using  the  logarithmic  derivative. 
Once  the  logarithmic  derivative  B(x,  is  obtained  as  a  function  of  distance  x  along  the 
structure  and  the  incident  electron  energy  the  group  velocity  Vg{x,  is  calculated 
as 

Vg[x,Ex)  —  ~R€[cl[x .  Ex)]  (1) 

The  determination  of  the  current  density  at  every  energy  E^  .  7(Ea.),  enables  the  eval¬ 
uation  of  the  space  charge  n{x,  E^)- 


J{E.) 

Vg{x^  E^) 


(2) 
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The  space  charge  is  calculated  for  each  allowed  eigen  energy  and  the  contribution  of  the 
space  charge  to  the  potential  profile  is  determined  by  solving  the  Poisson’s  equation. 
Accordingly,  the  potential  profile  is  modified  and  the  effect  of  the  modified  potential 
profile  on  the  other  energy  levels  and  the  level  itself  is  determined.  The  process  is 
repeated  to  evaluate: 

(.^Jf  =  (3) 

t=l  J=1 

where,  AJ[El,,E^)  is  the  difference  of  current  densities  corresponding  to  energy  level 
E^  due  to  the  space  charge  accumulated  for  energy  level  E^,  and  N  is  the  total  number 
of  allowed  eigen  energies.  AJ  is  used  to  calculate  shot  noise  in  the  structure^. 

Shot  noise  power  spectrum  S  is  obtained  as 


where,  Sf  is  the  measurement  bandwidth.  Shot  noise  factor  7  is  calculated  as 


RESULTS  AND  DISCUSSIONS 


(4) 

(5) 


Results  for  a  symmetric  DBRTS  are  presented  in  this  section.  The  barrier  and  the 
quantum  well  are  each  bOAwide.  The  barriers  height  is  assumed  to  be  0.275  eV .  The 
effective  mass  of  the  electron  is  0.067mo  and  0.096mo  in  the  quantum  well  and  in  the 
barrier,  respectively  and  tuq  is  the  electron  rest  mass. 


In  Figs  1  and  2,  theoretical  current  voltage  characteristics  and  shot  noise  factor 
as  a  function  of  bias  voltage  are  plotted.  As  expected,  current  starts  increasing  with 
bias  voltage  in  the  positive  differential  resistance  region  (PDR)  followed  by  the  current 
peak  at  0.13  Volt.  Any  further  increase  of  bias  voltage  causes  a  reduction  of  current 
(NDR)  until  it  reaches  the  valley  current  at  0.17  Volt.  The  rise  in  current  beyond 
the  valley  is  caused  by  the  onset  of  current  flow  through  the  second  quasibound  level 
in  the  quantum  well.  Fig. 2  shows  a  suppression  of  shot  noise  factor  in  the  PDR  and 
an  enhancement  in  the  NDR.  However,  for  a  given  voltage,  shot  noise  becomes  less  as 
magnetic  field  is  increased.  This  is  because  of  the  fact  that  effect  of  magnetic  field  and 
electric  field  on  the  eigen  energy  is  opposing  in  nature.  The  suppression  and  enhance¬ 
ment  can  be  explained  in  terms  of  the  behavior  of  quasibound  level  of  the  quantum 
w^ell.  As  space  charge  gets  accumulated  in  the  quantum  well,  it  will  reduce  the  effective 
voltage  across  the  well.  As  a  result,  the  quasibound  level  in  the  quantum  well  moves  up 
along  the  energy  axis.  However,  it  leads  to  a  decrease  in  the  total  current  in  the  PDR 
as  the  quasibound  level  is  moving  away  from  the  Fermi  level.  On  the  other  hand,  in  the 
NDR,  as  the  quasibound  state  moves  up  along  the  energy  axis  due  to  space  charge,  it 
moves  towards  the  Fermi  level  and  hence  total  current  will  be  increased.  More  current 
implies  more  shot  noise  and  greater  shot  noise  factor  and  vice  versa.  This  explains  the 
suppression  and  the  enhancement  of  shot  noise  factor  in  the  PDR  and  NDR,  respectively. 
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1:  Current-voltage  characteristics  of  a  DBRTS  with  magnetic  held  as  a  param- 


Fig. 3  shows  the  space  charge  that  is  stored  in  the  quantum  well  as  a  function  of 
bias  voltage.  It  is  to  be  noted  that  the  peak  in  the  space  charge  occurs  at  the  voltage 
corresponding  to  the  peak  current.  Thus,  the  greatest  contribution  to  the  shift  of 
quasibound  level  due  to  space  charge  occurs  when  the  space  charge  becomes  a  maximum 
(  0.13  Volt).  Since,  this  voltage  is  situated  just  at  the  onset  of  the  negative  resistance 
region,  eigen  energies  will  be  shifted  up  by  a  considerable  amount  and  again  there  will 
be  relatively  few  electrons  available  to  tunnel  through  causing  a  reduction  of  shot  noise 
factor.  From  Fig. 2,  it  is  also  noted  that  the  enhancement  of  shot  noise  gets  peaked 
not  at  the  voltage  corresponding  to  peak  current  rather  at  a  higher  voltage.  It  can 
be  explained  in  the  following  manner.  The  current  becomes  maximum  when  the  first 
eigen  energy  is  aligned  with  the  Fermi  level  of  the  emitter.  Moreover,  the  space  charge 
moves  the  eigen  energy  up  along  the  energy  axis.  Thus,  effectively,  eigen  energy  will 
be  aligned  when  device  is  operated  in  the  negative  resistance  region  .  This  is  why, 
shot  noise  becomes  the  maximum  in  the  negative  resistance  region  not  at  the  onset  of 
negative  resistance  region. 

CONCLUSION 

The  computation  of  shot  noise  shows  suppression  in  the  PDR  and  enhancement 
in  the  NDR  of  a  DBRTS.  The  two  opposite  behaviors  are  explained  in  terms  of  space 
charge  stored  in  the  quantum  well. 


REFERENCES 

1.  A.  F.  M.  Anwar,  A.  N.  Khondker  and  M.  R.  Khan,  J.  Appl.  Phys.  65(7),  p.  2761 
(1989). 

2.  E.R.  Brown,  C.D.  Parker,  A.R.  Calawa  and  M.J.  Manfra,  Dev.  Research  Conf., 
Colorado,  1991. 


3.  Mirza  M.  Jahan  and  A.F.M.  Anwar,  submitted  to  Phys.  Rev.  B. 


524  Self-Consistent  Calculation  of  Shot  Noise 


Figure  2;  Shot  noise  factor  is  plotted  as  a  function  of  bias  voltage  with  magnetic  field 
as  a  parameter. 
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Figure  3;  Space  charge  is  plotted  as  a  function  of  bias  voltage 


PHONON  NUMBER  FLUCTUATION  OF  A  CHAIN  OF  PARTICLES 

M.  Koch,  R.  Tetzlaff,  and  D.  Wolf 
Institiut  fiir  Angewandte  Physik  der  Universitat  Frankfurt 
Robert-Mayer-Strasse  2-4 
D-6000  Frankfurt  a.M. 

INTRODUCTION 

As  reported  previously  the  phonon  number  Nq{t)  of  a  chain  of  nonlinear  coupled 
particles  shows  fluctuations  with  power  spectra  of  the  type  for  a  certain  vibration 
mode  q  In  order  to  clarify  the  basic  physical  mechanisms  of  these  fluctuations  we 
examined  the  influence  of  a  cubic  term  of  the  atomic  potential  in  a  chcdn  of  iV  -f  1 
equidistant  atoms  assuming  the  mutual  displacements  to  be  small  with  respect  to  the 
atom  distance. 

Taking  into  account  only  nearest  neighbour  interactions  we  obtain  for  the  longi¬ 
tudinal  motion  of  the  atoms  the  set  of  equations 

my{  =  c(y,+i  +  -  2s(i)  +  fc  [(j/i+i  -ytf  -  (s,  -  ,  i=l,...,N  -1  (1) 

with  yo  =  yjsf  =  0  ioT  N  -{■  1  particles  with  equal  masses  m  of  a  chain  with  flxed  ends 
According  to  the  physical  conditions  the  quadratic  terms  in  (1)  have  to  be  considered 
as  small  perturbations.This  statement  is  equivalent  to  the  assumption  of  a  small  value 
of  the  coupling  constant  fc,  if  the  distance  between  adjacent  particles  is  set  to  unity. 

The  phonon  number  belonging  to  a  certain  mode  q  of  vibration  is  proportional  to 
the  portion  Eq{t)  of  the  total  vibration  energy  and  can  be  approximated  in  the  above 
case  by 

sin^  (2) 

where  Og  is  the  spatial  Fourier  coefficient  of  the  particles’  displacements  at  the  time  t. 

In  order  to  enable  a  closed  treatment  of  the  problem,  the  set  of  differential  equa¬ 
tions  (1)  of  the  chain  is  transformed  into  one  partial  differential  equation  (pde)  for  a 
continuous  string.  Assuming  the  total  number  N  of  the  particles  to  tend  to  inflnity 
and  simultaneously  the  space  h  to  tend  to  zero  while  the  length  of  the  chain  L  =  Nh 
remains  constant  one  gets  for  m  =  c  =  1  in  (1)  the  pde 

d'‘y(x,t)  _  f,  dyix,t)\  ,  , 

with  €  —  ^  and  for  the  normalized  particle  positions  x  =  ^  along  the  string. 

As  outlined  in  the  velocity  can  be  determined  for  the  initial  conditions 

j/(a;,0)  and  u(a;,0)  =  0;  in  particular  for  y(a;,0)  =  sin  ^  and  ^(xjO)  =  =  0 

we  get 


v{x,  t)  =  ^  [(1  -1-  eair  cos  t:xb)^  ”  (1  +  cos  'kxa)^ 

•j€  L 


XA  =  X  -t  +  —  (sinTrajyi  -  7:{xb  -  xa)  cos  -kxa  -  sinTris)  +  0(€^) 
8 


(4) 

(5) 
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and 

=  X  +  t  ~  (sin  ttxb  +  —  xa)  cos  'kxb  —  sin  ttg^)  +  0{e^). 

8 

RESULTS 

For  various  small  values  of  k  with  e  <<  1  the  displacements  yi{T)  of  the  i  -th 
particle  in  a  chain  of  iV  +  1  =  65  particles  were  calcidated  by  integration  of  (4).  For 
selected  values  of  T  the  sequences  of  displacement  values  =  0,...,64  were 

Fourier  transformed  yielding  the  Fourier  coefficients  aq{T)  for  q-  1,2,3, ...  in  order 
to  determine  the  modal  energy  Eq{T),  which  is  proportional  to  the  number  Nq(T)  of 
phonons  with  wavelength  A  =  ^. 

Some  representative  results  of  Nq(T)  vs.  the  discrete  variable  T  are  shown  in 
Figures  1,  2  and  3  for  the  first  modes,  where  T  =  is  given  in  units  of  the  period 
Tl  =  2N of  the  linear  vibrating  string  with  the  tension  S  and  the  mass  density  cr. 
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Figure  1:  Number  Nq{T)  of  phonons  vs.  T  for  =  0.1.  The  Energy  is  concentrated  on 
the  first  mode  at  T  =  0. 

The  Figures  1,  2  and  3  demonstrate  the  typical  behavior  of  the  phonon  number 
Nq{T)  for  three  different  initial  conditions  with  k  =  0.1.  An  important  result  is  the 
exchange  of  vibration  energy  between  the  different  modes  in  dependence  of  time.  In 
the  first  case  the  energy  is  concentrated  completely  on  the  first  mode  at  T  =  0.  For 
increasing  time  the  energy  flows  to  the  adjacent  modes  in  a  periodic  manner,  first 
mainly  to  mode  g  =  3  and  then  predominately  to  mode  2  and  so  on. 

The  periodicity  is  determined  by  the  mode  g  =  1. 

In  the  second  case,  which  offers  the  same  periodic  behavior,  the  energy  is  dis¬ 
tributed  on  the  first  three  modes  as  shown  in  Figure  2.  The  structure  of  the  energy 
peaks  is  more  complicated;  again  the  period  is  determined  by  the  mode  g  =  1.  Between 
the  corresponding  maxima  a  group  of  four  distinct  maxima  of  Nq  for  g  =  2  can  be 
observed. 

In  the  third  case,  the  energy  in  the  initial  state  is  equally  distributed  on  the  first 
two  modes. 
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The  energy  transfer  from  one  mode  to  another  generally  takes  a  large  number  of 
time  periods  Tl,  which  is  the  larger  the  smaller  the  coupling  constant  k  is. 
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Figure  2:  Number  Nq(T)  of  phonons  vs.  T  for  ifc  =  0.1  with  a  initial  distribution  of  energy 
on  the  first  three  modes  at  T  =  0. 


T 

Figure  3:  Number  Nq(T)  of  phonons  vs.  T  for  fc  =  0.1  with  an  equipartition  of  energy 
between  the  first  two  modes  at  T  =  0. 

Finally,  the  power  spectral  density  of  the  phonon  number  fluctuations  has  been 
calculated  for  a  variety  of  different  coupling  constants  between  k  =  0.01  and  k  =  0.25. 
In  Fig.  5  a  typical  power  spectrum  5(/)  is  shown  for  k  =  0.1.  For  all  treated  cases  we 
found  -p—  spectra. 
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Figure  5:  Power  spectrum  S{f)  vs.  /  for  it  =  0.1 

CONCLUSION 

The  examination  of  the  one  dimensional  vibrating  system  of  particles,  coupled 
by  a  superposition  of  linear  and  nonlinear  forces  such  that  the  nonlinear  influences 
remain  small  compared  wkh  the  linear  ones  requires  long  times  of  observation  to  show 
the  nonlinear  effects. 

Up  to  now,  for  reasons  of  numerical  accuracy  and  stability  a  simulation  of  the 
vibration  for  such  long  times  runs  into  difficulties  ^  even  in  the  case,  when  massive  par¬ 
allel  computing  is  used.  The  approach  presented  here  offers  a  semi  analytic  treatment 
which  also  leads  to  stable  solutions  for  long  observation  times  too. 

The  emphasis  of  the  present  activities  is  put  of  the  further  development  of  powerful 
simulation  techniques  for  the  solution  of  more  general  partial  differential  equations. 
This  new  approach  based  on  Cellular  Neural  Networks  offers  new  possibilities 
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RELATIONS  BETWEEN  THE  MICROSCOPIC  LIFE  TIME,  RELAXATION 
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ABSTRACT 

In  this  paper  we  deal  with  the  probability  densities  of  random  time  intervals  between 
neighbouring  electron  transitions  and  their  pertinent  mean  values  in  a  system  that  is  described  by 
an  n-dimensional  g-r  process. 

On  the  basis  of  this  theory  the  microscopic  carrier  life  time,  relaxation  life  time  and  noise 
time  constant  and  their  mutual  relations  have  been  expressed.  Whereas  there  is  no  direct  relation 
between  the  microscopic  and  relaxation  life  times,  the  relaxation  time  is  -  under  certain  conditions 
-  equal  to  the  noise  time  constant. 


INTRODUCTION 

We  deal  with  the  relation  between  the  following  3  characteristics: 

a)  the  microscopic  life  time 

b)  the  relaxation  life  time  x^, 

c)  the  noise  time  constant  x^^. 

These  characteristics  are  in  substance  statistical  characteristics  of  a 

generation-recombination  (g-r)  process  and  can  be,  therefore,  derived  from  the  general  theory  of 
1  3 

the  g-r  process  ’  . 

Let  us  consider  first  a  uni-dimensional  g-r  process,  in  which  random  electron  transitions 
between  the  levels  1  and  2  take  place.  The  electron  concentrations  on  these  levels  will  be  denoted 
$^(t)  and  $2(0-  If  holds5j(t)  +  52(0  =  const.,  then  the  system  can  be  described  by  one 
random  quantity  5(t). 

Let  the  transition  probability  of  an  electron  from  level  2  to  level  1  in  the  time  interval 
(t,  t  +  At)  be  denoted  g(x,  t)At  +  0(At),  where  0(At)  tends  to  zero  for  At-'O.  Similarly,  the 
probability  of  transition  from  level  1  to  level  2  will  be  denoted  r(x,t)At  +  0(At).  Furthermore,  let 
us  denote  q(x,t)  =  g(x,t)  +  r(x,t).  The  expression  q(x,t)At  +  0(At)  represents  the  probability  of 
an  event  consisting  in  a  change  in  the  level  occupation  within  the  time  interval  (t,  t  +  At).  Let  the 
time  interval  between  arbitrary  neighbouring  transitions  be  x,  the  time  interval  between  an 
arbitrary  transition  and  the  following  transition  1  -♦  2  Xj2,  or  2  1  X2j.  The  statistical 

characteristics  of  these  random  quantities  depend,  for  stationary  processes,  on  the  state  of  the 
system.  For  non-stationary  processes,  they  depend  on  the  time,  too. 
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STATISTICAL  CHARACTERISTICS  OF  QUANTITIES  t, 

We  look  for  the  probability  density  of  random  quantities  t,  Xp  a  T2^.  The  probability  of 
the  event  x  >  s-t,  supposing  that  the  system  occurs  in  the  state  x,  is 

n 

P  {x^5-t  I  ^(0  =x}  =  lim  P  {A^.A2...aJ  =  lim  11  [l-q(xA^)A(]  ,  (t) 

n-oo  ,j-,oo  /=! 

where  A-  (i  =  1,  2,  n)  is  the  event  consisting  in  no  change  of  the  system  state  in  the  time 

intervals  (t-  -  — C  +  — -)  and  At  =  We  expand  the  logarithm  of  P  and  neglect 
2  2  n 

quantities  containing  the  second  and  higher  powers.  Then  we  get 

Plr^s-t  I  ^(t)=x}  =  exp[“J  <7(x,6)t/0]  .  (2) 

t 

The  probability  density  of  the  random  quantity  x  is 

=  q{x,s)  exp  [-J  ^(x,6)^ie]  .  (3) 

t 

For  a  stationary  process  the  mean  value  of  the  quantity  x  is 

oo 

Xq  =  J  5  w{x,s)ds  =  ^ -  .  (4) 

Similarly,  for  random  quantities  Xp  and  x^^  it  is 

''^120 (•^■)  =  ’  “^210 ('^)  =  -  ^  ^ ^  •  (5) 

S{x)  1^120  '^210  W  ^oC^') 


MICROSCOPIC  LIFE  TIME 

Now  we  look  for  the  probability  of  an  event,  where  the  occupation  time  Xj  on  the  first 
level  by  the  r  -  th  electron  is  equal  or  greater  than  s-t 

I  =  1)  =  lim  n  [l-I^  A(1  =  expl-f  dO]  .  (6) 

n-oo  ^  X| 

The  probability  density 

=  d£l£)  exp  [-f  d6]  ,  (7) 

Xi  ^  x^ 

We  call  the  mean  value  m^fx  j}  =  the  microscopic  life  time  of  a  carrier  on  the  first  level, 
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THE  NOISE  TIME  CONSTANT 


In  the  analysis  of  an  n-dimensional  process  the  quantities  Xj, play  an  important 
role^’"^.  We  get  them  as  roots  of  the  equation  \‘>r,  -  ^  8..I  =  0,  r,  k  =  1,  ...,n ,  where 

da  « 

‘’rk  =  -  “rfcO  =  E  \Psr  (^'0  “  Prs  •  (15) 


We  define  the  noise  time  constant  x-  =  - — .  We  show  that  there  exists  a  relation 

between  the  noise  time  constant  and  the  relaxation  life  time  t  .  . 

ni  ri 

For  a  uni-dimensional  process  it  is  +  JC2  =  const.,  =  g  -  r  ,  a2  =  r  -  g. 


'■  (^10)  -  (-^lo) 

where  x^g  is  the  mean  value  of  the  electron  concentration  on  the  level  1.  We  can  write  for  Ax^  <  < 
^10 

■'m  =  ,  =  Vl  =  •'r2  ■  (11) 

'■(*1)  -  g(-«l) 

It  follows  that  for  a  two-level  semiconductor  in  thermodynamic  equilibrium  and  in  the  low-injection 
mode  the  noise  time  constant  equals  the  relaxation  life  time. 

For  an  n-dimensional  process  it  holds  for  the  i-th  level  and  small  Ax- 


E^k 

k  Ar- 


In  the  case  where  ajj.  <  <  a^j,  (k  i)  is,  then  =  -  (a-.)"^.  In  this  case,  however,  it  is  Xj 
Then  the  relaxation  life  time  x  equals  the  noise  time  constant  x  ■. 
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ABSTRACT 

We  perform  a  statistical  analysis  of  the  New  York  stock  exchange  composite 
index.  We  show  that  the  daily  variations  of  the  price  index  are  distributed  on 
a  Levy  stable  probability  distribution.  The  spectral  density  of  the  price  index  is 
close  to  the  one  expected  for  a  Brownian  motion  and  the  autocorrelation  function 
of  the  daily  variations  is  a  fast  decaying  function.  By  studying  the  time  evolu¬ 
tion  of  the  standard  deviation  of  successive  price  variations  we  detect  enhanced 
diffusion. 


INTRODUCTION 

The  academic  analysis  and  modeling  of  the  Stock  Exchange  prices  started 
at  the  beginning  of  this  century  thanks  to  the  work  of  L.Bachelier^  .  In  the 
sixties,  new  detailed  studies  clarified  and  substantiated  the  so-called  random 
walk  hypothesis^.  The  interest  toward  complex  systems,  the  emergence  of  new 
paradigms  (chaos  and  fractals)  and  the  availability  of  extensive  data  files  have 
recently  motivated  several  people  to  re-examine  the  time  evolution  of  price  series 
of  financial  markets^’^. 


A  STATISTICAL  ANALYSIS 

In  this  communication,  we  report  a  statistical  study  of  a  very  important  price 
index  of  the  most  important  Stock  Exchange  in  the  world:  the  New  York  Stock 
Exchange  (NYSE).  We  perform  statistical  analyses  of  the  NYSE  Composite  In¬ 
dex.  The  analyses  are  performed  directly  on  the  price  index  {Y„}  deflated  by 
the  Consumer  Price  Index  (CPI)  (fig.  1).  The  investigated  period  is  June  64- 
December  90  .  The  file  consists  of  6688  daily  records.  The  time  evolution  of  the 
daily  variations  of  the  price  index 

h=Xn-Xn-l  (I) 

shows  intermittence  (fig.  2).  The  spectral  density  of  the  price  index  {Yn}  as  a 
function  of  the  frequency  is  power- law  decreasing 

S{f)  «  ^  (2) 

with  13  =  1.90  zb  0.03  (fig.  3),  this  result  is  quite  close  to  the  one  expected  for 
a  random  walk  —  2).  The  autocorrelation  function  of  the  daily  variations 
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<  In^n+t  >  is  a  fast  decaying  function  with  a  correlation  time  shorter  than  one 
trading  day. 


time  (years)  time  (years) 


Fig.  1.  Daily  records  of  the  New  York  Stock  Exchange  composite  index  de¬ 
flated  by  the  U.S.  consumer  price  index. 

Fig.  2.  Time  evolution  of  the  daily  variations  of  the  NYSE  composite  index. 
An  intermittent  behavior  on  a  time  scale  of  years  is  present. 

The  probability  distribution  of  the  1-day  variations  P(/,  1)  is  well  fitted  by  a 
symmetrical  Levy  stable  distribution  ® 

fOO 

La,^{I)  =  Tr~'  exp{-jq"')cos(qI)dq  (3) 

characterized  by  a  =  1.50  and  7  =  0.28  in  the  investigated  In  range  (-10,10) 
(fig.  4).  The  dynamics  of  the  stochastic  process  is  investigated  by  studying  the 
probability  distributions  for  several  different  t-days  variations: 

In,t  =  Xn-Xn-t  (4) 

we  determine  P(/,  t)  with  t  ranging  from  2  to  31  trading  days  (for  t>3  a  smoothing 
is  necessary  to  reduce  the  noise).  By  analyzing  the  probability  of  returning  P{0,t) 
we  can  obtain  an  independent  estimation  of  the  a  parameter.  It  is  known  that 
for  Levy  stable  processes  we  have 


r(iM) 


(5) 


so  that  the  slope  of  the  logarithm  of  the  probability  of  returning  as  a  function  of 
the  logarithm  of  the  time  is  equals  io  —l/a.  By  fitting  the  first  ten  points  of  our 
data  (/  <  10  trading  days)  we  obtain  a  =  1.49  (fig.  5)  a  value  almost  coincident 
with  the  one  obtained  by  fitting  the  P(/,  1)  distribution  (fig.  4).  This  analysis 
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allows  ns  to  state  that  a  Levy  process  can  model  the  time  evolution  of  the  NYSE 
composite  index  for  ^  <  10  trading  days.  The  limited  number  of  the  records  does 
not  allow  to  conclude  about  the  behavior  of  the  central  region  of  the  probability 
distribution  for  t>10. 


10Log(f/fo)  I 

Fig.  3.  Spectral  density  of  the  NYSE  composite  index.  The  power-law  (eq. 
(2))  is  evident  from  the  log- log  plot.  The  parameter  /?  is  obtained  by  performing 
the  best  linear  fitting  of  the  displayed  values. 

Fig.  4.  Probability  distribution  of  the  NYSE  composite  index  daily  variations 
(black  square).  The  curve  shown  in  the  figure  is  the  Levy  stable  probability  dis¬ 
tribution  of  order  a  =  1.50  and  scale  factor  7  ~  0,28  which  best  fits  the  data. 

Finally,  we  study  the  diffusive  behavior  of  the  process  by  investigating  the  time 
evolution  of  the  standard  deviation  of  the  i-days  variations.  In  agreement  with 
the  behavior  already  observed  in  the  Milan  stock  exchange^,  we  detect  enhanced 
diffusion^ 

a{t)  oc  (6) 

i.e.  a  more  than  Gaussian  diffusion  (//  >  0.5)  of  the  NYSE  composite  index 
time  evolution.  To  avoid  bias,  we  perform  an  analysis  which  compares  the  time 
evolution  of  the  standard  deviation  of  the  t-days  variations  of  the  file  (time-ordered 
data)  with  the  time  evolution  of  the  standard  deviation  of  a  file  obtained  by  mixing 
randomly  in  time  the  same  records  of  the  previous  file  (scrambled  data)^.  By 
performing  best  fittings  of  the  two  different  time  evolutions  of  standard  deviations, 
we  obtain  ft  —  0.519  ±  0.005  for  time-ordered  data  and  /x  0.493  ±  0.005  for 
scrambled  data  (fig. 6).  The  difference  between  the  two  results  shows  that  the 
value  (i  =  0.519  is  statistically  reliable  so  that  we  can  conclude  that  enhanced 
diffusion  is  present  in  the  time  evolution  of  the  NYSE  Composite  index. 

CONCLUSIONS 

The  time  evolution  of  a  price  index  of  a  financial  market  can  be  investigated 
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with  the  tools  used  to  analyze  stochastic  processes.  By  studying  the  statistical 
properties  of  the  NYSE  composite  index  we  observe  that  the  time  evolution  of  the 
price  index  is  close  to  a  Brownian  motion,  but  important  differences  are  observed: 
a)  The  probability  distribution  is  well  fitted  by  a  Levy  stable  distribution  in  the 
region  close  to  the  origin,  so  that  the  probability  of  returning  is  expected  different 
from  the  one  characterizing  a  Gaussian  process,  b)  Enhanced  diffusion  is  detected 
by  studying  the  time  evolution  of  the  standard  deviation  of  successive  variations 
of  the  NYSE  composite  index.  This  last  result  supports  the  hypothesis  of  the 
existence  of  a  long  range  memory  in  the  time  series  of  the  price  indices^’^  .  Further 
work  is  in  progress. 


Fig.  5.  Logarithm  of  the  probability  of  returning  as  a  function  of  the  number 
of  trading  days.  The  straight  line  is  the  best  fitting  of  the  first  ten  points.  From 
the  slope  of  the  best  fitting  line  we  obtain  a  =  1.49. 

Fig.  6.  Logarithm  of  the  time  evolution  of  the  standard  deviation  of  the  Ldays 
variations  of  the  NYSE  composite  index  for  the  time-ordered  data  (s)  and  for 
scrambled  data  (+)  (see  text  for  details). 
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ABSTRACT 

We  present  a  new  algorithm  generating  stochastic  processes  with  a  probability 
distribution  very  close  to  a  Levy  stable  probability  distribution  characterized  by 
the  parameter  a.  The  parameter  a  can  be  selected  within  the  range  0.3  <  a  <  2. 
The  algorithm  is  very  efficient  for  0.75  <  a  <  1.95. 

INTRODUCTION 

In  recent  years,  a  growing  interest  has  been  devoted  to  Levy  stable  stochastic 
processes  The  stable  distributions  are  characterized  by  the  following  property: 
linear  combinations  of  stable  distributions  of  the  same  kind  are  themselves  stable 
distributions.  This  property,  which  is  well  known  in  the  case  of  Gaussian  processes 
is  valid  for  a  wider  family  of  stochastic  variables  if  one  releases  the  hypothesis  of 
a  finite  second  moment  The  distribution  function  of  a  symmetric  Levy  stable 
process  with  zero  mean  is  given  by: 

roo 

=  7r“’  /  exp(-79“)cos(gx)<l9  (1) 

0 

The  parameter  a  ranges  between  0  (excluded)  and  2  (included)  while  7  has  to  be  a 
positive  real  number.  has  not  analytical  form  except  for  a  —  2  (Gaussian 

distribution),  a  =  1  (Cauchy  distribution)  and  a  =  3/2  .  Levy  stable  distributions 
are,  for  large  values  of  the  stochastic  variable  x  ,  power-law  distributions: 

Lc-yix)  oc  (2) 

Distributions  with  power-law  tails  are  quite  frequent  in  physics  and  in  complex 
systems.  They  have  been  observed  in  disordered  systems,  fractals  dynamical 
systems  polimerlike  ®  and  economic  systems  In  spite  of  this  widespread 
interest  there  has  not  been  an  algorithm  generating  Levy  stable  processes  defined 
all  over  the  x  range  until  now. 

THE  ALGORITHM 

In  this  communication  we  present  an  algorithm  that  allows  to  obtain  in  a  fast 
and  accurate  way  Levy  stable  processes  characterized  by  arbitrary  values  of  a 
ranging  between  0.75  and  1.95  .  Levy  stable  processes  characterized  by  values 
of  a  defined  within  the  intervals  0.3  <  a  <  0.75  and  1.95  <  a  <  1.99  are  also 
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obtainable  but  with  a  longer  calculation  time.  For  the  sake  of  simplicity,  we  set 
the  parameter  7  equals  to  one,  however  with  a  simple  linear  transformation®  a 
stochastic  process  characterized  by  an  arbitrary  positive  value  of  7  can  be  ob¬ 
tained.  The  numerical  procedure  is  the  following:  first  of  all,  we  generate  two 
independent  stochastic  Gaussian  variables  Zi  and  Z2  with  standard  deviation 
and  <J2  respectively.  By  performing  the  transformation: 


we  obtain  a  stochastic  process  with  a  probability  distribution  Pa{y)  charac¬ 
terized  by  the  same  asymptotic  behavior  for  large  values  of  ?/  of  a  Levy  stable 
process  of  order  a  and  scale  factor  7  —  1  if  ®  : 


n-  (r^\  -  \  r(l +  Q)sin(7ra/2)  ]  ^ 

^  [r((a+ l)/2)c»2(“-')/2j 

with  this  choice  a  full  agreement  is  observed  between  the  probability  distributions 
Pa{y)  and  La^\{y)  when  |^|  >  10  for  any  value  of  a.  On  the  other  hand,  in  the 
region  close  to  the  origin  (|y|  <  10)  deviates  from  La,\{y).  This  mismatch  is 

zero  for  a  =  1  (i.e.  the  transformation  y  ~  Z2l\zi  \  generates  a  stochastic  process 
with  a  Cauchy  distribution  and  increases  monotonically  both  for  a  >  1  and  for 
a  <  1.  We  minimize  this  difference  by  performing  the  nonlinear  transformation 


X  =  y{k{a)  —  1)  exp 


ar((Q  +  l)/2a)  r  ar((a+  l)/2 


i(\  _  ^  -r  -r 

^  ^  r(i/a)  [r(a  +  i)  sin(7ra/2)  J 

As  shown  elsewhere  ®  we  determine  k{a)  by  equalizing 

P.{x  =  0)  =  =  L.Ax  =  0)  (8) 

k[a) 

We  are  not  able  to  write  down  an  analytical  form  of  the  parameter  c{a)  as  a 
function  of  a.  However  we  are  able  to  determine  the  integral  equation  which 
solution  is  the  parameter  c{a).  This  parameter  speeds  up  the  convergence  of  the 
stochastic  process  {x}  to  a  Levy  stable  stochastic  process  ® 

cos  ^“1“ - -  +  1  j  c(a)g  exp{—q‘^)dq  (9) 
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In  fig.  1  we  show  the  probability  distribution  P\a[^)  of  the  stochastic  process 
{t}  obtained  by  using  equations  (3)  and  (6).  The  probability  distribution  is  de¬ 
termined  by  collecting  10^  random  variables  x  characterized  by  the  parameters 
a  =  1.4,  (T2(1.4)  =  0.759679,  k{lA)  =  1.44647  and  c(1.4)  2.8315.  The  agree¬ 

ment  with  the  Levy  stable  distribution  Lia,i{x)  (the  continuous  curve  in  the  plot) 
is  quite  remarkable  all  over  the  entire  range  of  the  x  variable.  We  also  show  the 
logarithm  of  the  probability  distribution  to  point  out  the  behavior  on  the  wings 
(fig.  2).  From  the  picture,  it  is  evident  that  the  agreement  is  excellent. 


X  X 


Fig.  1.  P\a(^)  probability  distribution  (•)  of  the  stochastic  process  gener¬ 
ated  by  the  algorithm  of  eqs.  (3)  and  (6)  with  a  =  1.4  (see  text  for  the  other 
parameters).  The  curve  is  the  Lia,i{^)  Levy  stable  distribution. 

Fig.  2.  The  logarithm  of  the  same  probability  distributions  of  fig.  1  . 

In  fig.  3  we  show  a  set  of  the  logarithm  of  probability  distributions  obtained 
with  the  above  reported  algorithm.  In  the  figure  the  control  parameter  a  is  ranging 
from  a  =  0.8  to  a  =  1.9  with  a  step  Aa  =  0.1.  Each  distribution  is  obtained  by 
accumulating  10^  independent  realizations  of  the  process  {a;}  for  a  selected  value 
of  a.  The  values  of  <72(0),  /?(«)  and  c(a)  are  determined  by  using  eqs.  (5),  (7)  and 
(9)  respectively.  In  fig.  4  we  compare  the  results  of  our  numerical  simulations  with 
the  Levy  stable  distributions.  The  comparison  is  performed  by  superimposing  the 
contour  lines  of  the  surface  shown  in  fig.  3  with  the  corresponding  contour  lines 
obtained  from  the  Levy  stable  probability  distributions  calculated  from  eq.  (1) 
by  numerical  integration.  In  the  figure  the  smooth  curves  are  the  contour  lines 
of  the  Levy  distributions  whereas  the  noisy  curves  are  the  contour  lines  of  our 
numerical  simulations.  The  agreement  is  very  good  on  the  whole  investigated 
range  (—10  <  a:  <  10  and  0.8  <  a  <  1.9). 

CONCLUSIONS 

The  algorithm  is  very  efficient  for  values  of  a  ranging  from  0.75  to  1.95  .  In  this 
interval  a  solution  of  the  integral  equation  exists  and  the  nonlinear  transformation 
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of  eq.  (6)  has  a  single-value  inverse  function.  The  algorithm  is  also  working  for 
0.3  <  a  <  0.75  and  1.95  <  a  <  1.99  but  in  these  intervals  the  mismatch  between 
Pa(a:)  and  La,i{x)  can  be  avoided  only  by  performing  a  relatively  time  consuming 
convergence  of  the  stochastic  process  {x}  towards  the  Levy  stable  process.  This 
can  be  achieved  by  calculating  a  process  which  is  a  linear  combination  of  n  inde¬ 
pendent  stochastic  variables  {x}. 


gorithm  of  eqs.  (3)  and  (6).  a  (y-axis)  is  ranging  from  0.8  to  1.9  with  a  0.1 
step.  We  accumulate  10^  realizations  for  each  curves  (the  control  parameters  are 
determined  by  using  eqs.  (5),  (7)  and  (9)). 

Fig.  4.  Contour  lines  of  the  3D  surface  shown  in  fig.  3  (noisy  curves)  super¬ 
imposed  to  the  contour  lines  of  Levy  stable  distributions  (smooth  curves).  The 
numbers  in  the  picture  are  the  z- value  of  the  contour  lines. 
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Abstract 

A  class  of  models  with  applications  to  swarm  behavior  as  well  as 
many  other  types  of  spatially  extended  complex  biological  and  physical 
systems  is  studied.  Internal  fluctuations  can  play  an  active  role  in  the 
organization  of  the  phase  structure  of  such  systems.  In  particular,  for 
the  class  of  models  studied  here  the  effect  of  internal  fluctuations  due 
to  finite  size  is  a  renormalized  decrease  in  the  temperature  near  the 
point  of  spontaneous  symmetry  breaking. 

In  this  paper  I  introduce  a  class  of  models  which  is  in  line  with  the  basic 
processes  acting  in  a  variety  of  systems  in  nature,  particularly  biological 
ones.  Here  we  study  what  will  be  called  stigmergic  processes  as  a  general¬ 
ization  of  the  concept  of  stigmergy  introduced  by  Grasse [2]  in  the  context 
of  collective  nest  building  in  social  insects.  The  more  generalized  idea  of  a 
stigmergic  process  is  realized  here  in  systems  composed  of  three  basic  in¬ 
gredients.  The  first  ingredient  is  a  particle  dynamics  which  obeys  a  Markov 
process  on  some  finite  state  space  A*.  The  particle  density  p(x,  r )  obeys  the 
Master  equation 

dp{^,T)  ^  r  ^,y^(x|y)/j(y,r)-VF^(y|x)p(x,r)}  d^y.  (1) 

OT  Jx 

where  WT(x|y)  is  the  probability  density  to  go  from  state  y  to  x  at  time 
T.  The  second  element  is  a  morphogenetic  field  cr(x,  r),  representing  the 
environment  which  the  particles  both  respond  to,  and  act  on.  We  will  study 
one  of  the  simplest  situations,  a  fixed  one-component  pheromonal  field  which 


evolves  according  to 


^(7(x,  r) 
dr 


=  -K  (7  -f-77  p. 


(2) 
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where  k  measures  the  rate  of  evaporation,  breakdown  or  removal  of  the 
substance,  and  77  the  rate  of  emission  of  the  pheromone  by  the  organisms. 
Lastly,  some  form  of  coupling  is  made  between  the  particles  and  the  field. 
This  coupling  takes  the  form  of  a  behavioral  function  which  describes  how 
the  particles  move  in  response  to  the  morphogenetic  field,  and  in  turn,  how 
the  particles  act  back  on  this  field. 

In  the  region  of  a  nonequilibrium  phase  transition  the  morphogenetic 
field,  and  hence  the  transition  matrix,  changes  very  slowly  on  scales  typical 
of  the  particle  field  relaxation  time  since  in  this  region  the  unstable  modes 
will  exhibit  critical  slowing  down  and  will  relax  on  a  time  scale  much  longer 
than  the  time  scale  of  the  stable  modes.  The  particle  modes  can  then  be 
adiabatically  eliminated  fi-om  the  picture,  and  we  obtain  the  stochastic  order 
parameter  equation 

da{x,  t)  r  1  f 

— ^  ^  cr  +  ppsla]  +  7]  5lcr|<f(x,  7-),  (3) 

where  psW\  is  the  quasi-stationary  particle  density,  g[cr\  is  a  function  de¬ 
scribing  the  fluctuations  of  the  quasi-stationary  particle  density  about  its 
mean  value,  and  F{<^(x,r)}  =  0,  F{^(x,  rX(x',  r')}  =  d(x  -  ^')d(T  -  r'). 

For  the  purposes  of  this  paper  we  will  consider  the  case  where  the 
transition  matrix  takes  the  form  fF(x|y)  oc  /  (cr(x))  p  (|x  -  y|),  where  / 
is  some  weighting  function  describing  the  effect  of  the  field  a  on  the  mo¬ 
tion  of  the  particles,  and  p(|x  —  y|)  is  a  probability  distribution  of  jumps  of 
length  r  =  |x  -  y|.  Transition  matrices  of  this  type  obey  detailed  balance, 
IF(x|y)/((j(y))  =  tF(y|x)/((j(x)).  In  this  case  we  can  define  a  partition 
function 

/{(j(x))J  ,  (4) 

where  V  is  the  volume  of  the  state  space  A’,  and  N  is  the  total  number 
of  particles.  A  one-to-one  analogy  with  a  thermodynamic  svstem  with  en¬ 
ergy  U{a{x))  and  temperature  T  =  can  be  made  if  we  set  /((7(x))  = 
where  any  parameter  T  can  be  regarded  as  a  temperature 
parameter  if  /(c7(x);q  T)  =  /-“(cr(x);  T).  Statistical  quantities  of  interest 
can  be  calculated  from  the  partition  function  according  to  the  usual  pre¬ 
scriptions.  In  a  closed  system  the  mean  particle  density  and  dispersion  in 
the  energy  state  e  are  given  by 


E{pn  =  ~exp{-l3c),  E{iAp,f}  =  ^  , 


(5) 
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where  is  the  volume  of  the  system  in  energy  state  e.  The  slaved  parti¬ 
cle  field  in  energy  state  e  can  then  be  represented,  to  lowest  order  in  the 
fluctuations,  by  Pe[cr]  =  E  {pc[cr]}  +  \/E  {{Ap^)-^[a\} 

We  introduce  the  dimensionless  parameter  p  =  N/V ,  the  mean  density 
of  particles,  and  v  =  the  ratio  of  the  volume  of  the  field  cr(x)  in 

the  a"  state,  to  the  volume  in  the  state.  We  also  define  the  function 
R(a^ ,a~')  =  In  the  mean  field  approximation  a  Langevin 

equation 

^  -m  +  F(m)  +  -^Q{m)  ^{t)  (6) 

for  the  order  parameter  m  can  be  derived,  where 


p(l  +  1;) 


-1 

WTv 


p\lEv)^  R^ 

V  (R^Ev^^ 


(7) 


and  where  the  F  and  Q  are  determined  as  functions  of  m  by 


jR(7n)  =  R 


V  m  ^  m  \ 
lEv)  ' 


(8) 


The  order  parameter  m  is  analogous  to  a  gas-liquid  order  parameter,  and 
represents  the  difference  in  the  values  of  the  field  in  the  cr't  and  a  states 
after  spontaneous  symmetry  breaking.  The  behavior  of  this  system  is  de¬ 
scribed  by  the  potential  function 


where  the  phases  mi  of  the  system  are  determined  by  the  conditions  — 

0,  >  0.[1] 

In  the  continuum  limit  {N  00)  it  can  be  shown  that  the  critical  value 
of  the  mean  density  pc  at  which  spontaneous  symmetry  breaking  occurs  is 
given  by  the  condition  —pc  U'{pc)  —  T .  Generally  pc  is  will  increase  with 
increasing  temperature.  The  relative  stability  of  two  phases  nii  and  m2  is 
determined  by  the  relative  potentials  4>(mi)  and  ^(m2)  for  each  phase.  Even 
in  the  continuum  limit  the  details  of  the  fluctuations  cannot  be  neglected  due 
to  the  presence  of  the  factor  Q^(m)  under  the  integral  in  9,  and  the  relative 
stability  of  the  phases  will  depend  on  the  precise  details  of  the  internal 
fluctuations.  Similar  observations  have  been  made  elsewhere  by  Landauer 
and  others. [3] 
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When  N  is  finite,  the  situation  is  still  more  complicated.  It  is  clear 
that  the  possible  values  of  the  order  parameter  and  the  phase  structure 
do  not  remain  unchanged  under  the  influence  of  internal  fluctuations.  The 
criterion  for  spontaneous  symmetry  breaking  in  this  case  is  -pc  U'{pc)  = 
T,  where  T  is  the  renormalized  temperature  f  =  ^(N)T  where  '){N)  ~ 
VN  +  {N/2)-  ~  N/2.  This  is  precisely  the  continuum  condition  except  that 
the  finite  size  fluctuations  have  the  effect  of  renormalizing  the  temperature 
by  the  factor  ^{N)  <  1.  The  effect  of  increasing  the  internal  fluctuations 
through  decreasing  the  total  number  of  particles  has  the  effect  of  decreasing 
the  temperature.  We  thus  arrive  at  the  seeming  paradox  that  increased 
internal  fluctuations  may  produce  increased  order. 

More  details  may  be  found  in  previously  published  papers [4|  where  the 
properties  of  an  ant  swarm  are  analyzed  in  depth,  and  it  is  also  shown  how 
the  collective  behavior  of  real  ants [5]  can  be  understood  in  terms  of  such 
models. 
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ABSTRACT 

As  well  known  the  calculation  of  probability  density  Pn(T)  of  the  sum  of  n-i-1 
level  crossing  intervals  of  random  processes  is  difficult  Previously  known  methods 
based  on  the  quasi-independent  assumptions,  multi-state  model,  or  others  are  not 
sufficient  for  the  approximations  of  Po(x)  in  case  of  narrow  band  processes.  In  this 
paper  6-state  model  is  modified  by  introducing  newly  defined  relaxation  states,  and 
the  model  represents  good  approximations  of  Po(t)  and  Pi(t)  also  in  case  of  Gaussian 
processes  having  middle-  and  narrow-bandpass  power  spectrum  density. 

INTRODUCTION  AND  THEORY 

Up  to  now  the  calculation  method  for  the  probability  density  Po(x)  of  the  level 
crossing  interval  x  and  the  probability  density  PiCx)  of  the  sum  x  of  two  adjacent  level 
crossing  intervals  of  random  processes  have  not  been  found.  Many  approximation 
methods  based  on  a  statistical  independence  of  the  intervals  were  known.  Recently  a 
6-state  model  based  on  a  multi-state  model  have  been  proposed  by  the  authours  1,2. 

For  Gaussian  processes  a  6-state  model  represents  very  good  approximations  of 
Po  and  Pi  for  level  crossing  intervals  with  zero  and  positive  level  1.  For  negative  level 
I,  some  approximation  errors  are  observed,  if  the  process  has  middle-  or  narrow-band¬ 
pass  power  spectrum.  In  this  paper  we  propose  a  model,  which  can  describe  the  prop¬ 
erties  of  narrow-  and  middle-  bandpass  processes,  by  introducing  some  relaxation 
states  to  the  6-state  model. 

As  shown  in  Fig.  la,  4  states  S  1,82, S3,  and  84  are  defined  in  a  following 
manner.  Given  an  upward  crossing  of  I  in  (t,t+dt),  then  the  process  in 

Si  remains  above  the  level  I  at  least  until  the  time  t+  x  ; 

82  is  found  below  the  level  I  at  the  time  t-i-  x  after  just  one  subsequent  downward 
crossing ; 

S3  is  found  above  the  level  I  at  time  t+x  after  at  least  one  subsequent  upward 
crossings  during  the  time  interval  x  ; 

84  is  found  below  the  level  I  at  time  t-Hx  after  at  least  two  subsequent  downward 
crossings  during  the  time  interval  x  . 

Inside  the  states  Si  and  S3  two  relaxation  states  Sib  and  S3b,  resp. ,  are  assumed,  and 
Si=Sib+Sia  and  S3=S3b-i-S3a  are  hold.  As  illustrated  in  Fig.  la  the  process  having 
arrived  at  a  state  Sib  or  Ssb  remains  in  this  state  for  certain  constant  time  Tb  or  Tdi, 
resp. ,  before  the  process  proceeds  to  Sia  or  S3a.  Differs  from  a  6-state  model,  the 
transition  into  S3b  occurs  not  only  by  upward  crossing  from  S2  and  S4,  but  also  from 
S3a  by  some  inner  transition  of  state  S3.  Same  is  occurs  from  Sia  to  Sib  in  the  state 
Si.  Inner  transition  from  Sia  to  Sib  is  proportional  to  the  state  probability  Si(x)  and 
W(x-Tai,I=0)  of  Rice  function  for  upward  crossing  at  zero-level  and  at  delayed  time 
x-Tai.  In  the  other  hand  the  inner  transition  from  S3a  to  S3b  is  proportional  to  Si(x) 
and  Rice  function  W(x-Tci,I)  for  level  I  and  at  delayed  time  x-Tci.  Constant  value  ci 
controls  the  strength  of  inner  transitions,  and  for  zero  and  positive  level  I,  by  setting 
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ci=0,  the  model  represents  the  same  results  to  those  of  6-state  model. 
Then  the  state  probabilities  and  Po  are  described  as  follows; 


SiaO -t- SibO  =  S  1(t)  ,  S3a(x) -I- SsbO  =  S3(t)  ,  (1) 

Si(t)  +  S3(x)  =  PAx)  ,  S2(x)  -!-  S4(x)  =  1  -  P+(x)  ,  (2) 

Po(x)  =  Sla(x)  Q(x,  l)/[  Sla(x)  -t-  S3a(x)  ]  =  X  [Sl(x)  -  Slb(x)]  ,  (3) 

X  =  Q(x,  I)/[  P+(x)  -  S  lb(x)  -  S3b(x)  ]  ,  (4) 

Sl(x)  =l-;P0(t)dt,  (5) 

0 
X 

Sib(x)  =  S  Cl  Si(t)  W(t-Tai ,1=0)  dt ,  (6) 

x-Tb 

X 

S3b(x)=  ;  [Cl  Si(t)  W(t-Tci,I)  + W(t,l)]dt,  (7) 

x-Tdi 

P+(x)  =  1  -h  /  [  W(t,I)  -  Q(t,l)  ]  dt .  (8) 

0 

For  the  calculation  of  Pi  the  state  Si  and  S2  also  S3  and  S4  are  added  together, 

(see  Fig.  lb),  and  they  are  described  as 

Sla(x)  +  Slb(x)  =  Sl(x)  ,  S3a(x)  -t-  S3b(x)  =  S3(x)  ,  (9) 

Sl(x)  +S3(x)  =  1,  (10) 

Pl(x)  =  Sla(x)W(x,  I)/[  Sla(x)  +  S3a(x)  ]  =  X  [Sl(x)  -  Slb(x)]  ,  (11) 

X  =W(x,  I)/[  1-Slb(x)-S3b(x)],  (12) 

Si(x)  =1- JPi(t)dt,  (13) 

0 
X 

Sib(x)=  /  Cl  Si(t)  W(t-Ta2,I=0)dt,  (14) 

X~Tb 

X 

S3b(x)=  J  [CiSi(t)W(t-Tc2,I)-hW(t,l)]dt.  (15) 

X-Td2 


RESULTS  AND  DISCUSSION 

Based  on  this  model  probability  densities  Po  and  Pi  of  level  crossing  intervals 
are  numerically  calculated  for  the  Gaussian  processes  having  8th  order  Butterworth 
type  middle-  and  narrow-bandpass  power  spectrum  densities.  Bandwidth  is  denoted 
by  a  parameter  k  =  fUfH  as  a  ratio  of  low  cutoff  frequency  fL  an3  high  cutoff 
frequency  fn  Fig.  2  show  the  approximation  Pox  calculated  by  this  model,  and  Po(6) 
of  6-state  model  together  with  measured  Po  and  Rice  function  Q.  The  relaxation  times 
are  shown  in  Table  1.  Coinsidence  between  Pox  and  measured  Po  is  very  good  for 
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both  middle  bandpass  (k:=0.5)  and  narrow  bandpass  (k^O.S)  cases.  Especially  for  the 
2nd  peak  and  2nd  valley  position  of  Q  function,  the  model  represents  very  good 
approximations  that  cannot  be  satisfi^  by  6-state  model. 

The  values  listed  in  Table  1  are  deternined  in  the  following  way, 

Ta2  =  L2+Ll  -Tb,  Tal=L2-Tb, 

Tc2  =  Ll  -I- L2  +  la  +  lb,  Tcl  Ll -i- L2 -b  lb,  (16) 

where  the  quantities  Li  and  L2  are  calculated  from  the  i  th  peak  position  twxi  and  tqxi 
of  Rice  functions  W(t,I)  and  (2(x,I),  resp.,  as  follows; 


Ll  ~  twxl  -  tqxl  , 

L2  —  twx2  -  twxl  for  k=  0.8 

=  tqx3  -  twxl  -  tqx3II=0  +  twx2ll=0  for  k=  0.5  .  (17) 

The  values  la  and  lb  are  the  constant  for  all  level  I,  and  they  are 

la=  1.7  and  lb  =  -1.3  for  k  =  0.8, 

la  =  1.5  and  lb  =  2.7  for  k  =  0.5.  (18) 

Other  three  quantities  Tdi,Td2  and  Tb  are  determined  by  compareing  the  first  moment 
of  the  solution  Pox  with  the  theoretical  moment  jn-.  Td2  is  constant  for  all  level  1, 
and  this  value  can  be  determined  at  1=0  .  By  using  first  moment  of  Pi  the  quantity 
Tb  can  be  determined,  then  next  Tdi  can  be  determined  for  Po. 

The  method  of  parameter  determination  used  here  was  found  empirically,  and 
more  theoretical  methods  are  required. 
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TABLE  1 


k  =  0.8  k  =  0.5 


I 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

Tal 

2.5 

3.0 

2.9 

2.5 

3.7 

4.3 

4.8 

5.0 

Tb 

4.3 

3.8 

4.0 

4.5 

3.2 

3.3 

3.3 

3.6 

Tci 

8.3 

7.6 

7.3 

7.1 

12.5 

12.6 

12.7 

12.8 

Tdi 

2.3 

3.0 

3.4 

3.6 

4.2 

2.6 

3.2 

3.7 

4.0 

4.4 

Ta2 

5.3 

5.1 

4.6 

3.9 

6.6 

6.6 

6.7 

6.5 

Tc2 

10.0 

9,3 

9.0 

8.8 

14.0 

14.1 

14.2 

14.3 

Td2 

5.0 

5.0 

5.0 

5.0 

5.0 

5.6 

5.6 

5.6 

5.6 

5.6 

Ll 

2.8 

2.1 

1.7 

1.4 

2.9 

2.3 

1.9 

1.5 

L2 

6.8 

6.8 

6.9 

7.0 

6.9 

7.6 

8.1 

8.6 

Cl 

0.0 

0.58 

0.9 

1.0 

1.0 

0.0 

0.2 

0.67 

1.0 

1.0 
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ABSTRACT 

In  this  paper  we  discuss  the  noise  driven  dynamics  of  an  array  of  Schmitt  Triggers 
(ST’s)  subject  to  a  weak  signal.  The  signal  is  subthreshold,  that  is,  when  applied  with¬ 
out  noise,  it  cannot  cause  state  changes  in  the  ST*s.  Each  ST  is  subject  to  a  Gaussian 
noise  which  is  uncorrelated  with  that  of  its  neighbors.  In  this  realization,  the  ST’s  are 
not  coupled  but  rather  take  their  signal  input  from  a  common  bus.  Their  outputs  are 
summed  to  reproduce  the  input  signal.  Possible  VLSI  applications,  and  the  motivation 
for  this  experiment  are  discussed. 


INTRODUCTION 

The  Schmitt  trigger  (ST)  is  the  simplest  possible  electronic  realization  of  a  bistable 
system.  It  is  therefore  an  ideal  device  for  studies  on  stochastic  bistable  dynamics  and 
particularly  Stochastic  Resonance^ (SR),  a  nonlinear  statistical  phenomenon  whereby 
noise  can  enhance  the  transmission  of  information  in  bistable  systems.  It  has  recently 
been  shown  that  the  residence  time  probability  densities^  in  simple  bistable  systems, 
driven  by  noise  and  a  weak  periodic  signal,  and  particularly  the  ST,  bear  a  close  analogy 
to  the  inter  spike  interval  histograms  (ISIH's)  long  measured  on  stimulated  sensory  neu¬ 
rons  in  experimental  neurophysiology^.  Moreover,  SR  has  recently  been  demonstrated 
in  globally  coupled  arrays  of  bistable  elements'^.  A  rich  dynamics  with  neurophysiologi¬ 
cal  implications  has  been  observed  on  a  two  dimensional  array  of  coupled  excitable 
cells*.  It  therefore  seemed  interesting  to  construct  an  array  of  ST's  driven  by  noise  and 
a  weak  periodic  signal.  A  further  motivation  was  that  as  the  individual  elements  on 
VLSI  chips  are  reduced  to  the  limits  in  size,  statistical  noise,  both  classical  and  quan¬ 
tum,  becomes  a  problem.  Each  element  is  thus  subject  to  its  own  more-or-less  indepen¬ 
dent  noise.  SR  may  offer  a  way  to  "design  around"  this  limiting  noise,  and  indeed,  to 
make  use  of  the  noise  for  signal  enhancement  rather  than  simply  living  with  its  inevita¬ 
bility. 


EXPERIMENTAL  REALIZATION  AND  TYPICAL  RESULTS 

We  have  built  an  amplifier  consisting  of  ten  ST's  which  transmit  a  weak  signal  in 
parallel.  Each  ST  is  subject  to  a  Gaussian,  wide  band  noise  which  is  incoherent  with 
the  noises  of  all  other  ST's.  The  correlation  function  of  the  noise  is  given  by  (^(t)Ks)) 
=  (D/r)exp[-|t-s|/T],  where  D  is  the  noise  intensity  and  t  is  the  noise  correlation  time. 
The  ST's  switch  more-or-less  randomly  depending  on  the  relative  strengths  of  the  signal 
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and  noise:  a  dynamics  similar  to  that  of  SR.  The  outputs  of  the  ten  ST's  are  summed  in 
a  final  amplifier  where  the  analog  input  signal  is  recreated  more-or-less  faithfully  dep¬ 
ending  on  the  noise  and  number  of  ST's.  The  individual  ST's  behave  like  digital  signal 
samplers,  where  the  samples  are  taken  at  random  times,  as  dictated  by  the  noise.  We 
present  measurements  of  the  signal  amplification  and  phase  shift^  through  the  system 
and  the  residence  time  probability  density  of  the  individual  ST's.  Figure  1  shows  a 
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Fig.  1.  Schematic  diagram  of  the  array  of  Schmitt  Triggers.  The  inset  shows  a 
single  ST.  The  are  the  incoherent  noises. 

dia^am  of  the  system.  The  incoherent  noises  are  obtained  from  the  delayed  outputs  of 
a  single  noise  generator  connected  to  ten  delay  lines  in  series.  The  noise  generator  was 
a  Quan-Tech  Model  420  which  produces  Gaussian  noise  with  a  200  kHz  bandwidth. 
This  noise  was  passed  initially  through  a  linear  filter  to  fix  the  correlation  time  at  r  = 
42  ps.  The  delay  lines  were  EG&G  RD5107A  charge  transfer,  'bucket  brigade"  devices 
each  operating  at  a  delay  of  1.0  ms.  The  delay  time  of  each  delay  line  was,  therefore, 
much  longer  than  the  noise  correlation  time  so  that  each  delayed  output  was  incoherent 
with  the  others.  A  typical  output  signal  from  the  summer  and  its  power  spectrum  are 
shown  in  Fig.  2.  The  summed  output  is  a  discretized  reproduction  of  the  input  sine 
wave  but  with  noise  and  "sampled"  at  irregular  (noisy)  times.  The  output  of  any  indivi¬ 
dual  ST  is  a  two- state  switching  waveform  with  stochastic  switch  times.  The  fidelity  of 
the  output  would  improve  significantly  with  more  individual  ST's  in  the  array,  since  the 
discretization  would  be  on  a  finer  scale.  The  signal  feature  is  represented  by  the  sharp 
spike  and  its  3rd  harmonic  (a  signature  of  SR  systems)  as  shown  on  the  power  spectrum 
of  the  output. 


RESULTS 

We  have  measured  the  stochastic  equivalent  of  the  complex  transfer  function  for  the 
amplifier,  that  is  its  gain  and  phase  as  functions  of  the  signal  frequency.  Figure  3  shows 
the  system  gain  versus  signal  frequency  for  three  noise  levels.  The  noise  level,  which 
establishes  a  Kramers  rate  for  each  ST  and  thus  a  mean  sampling  rate  for  the  signal. 
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Fig.  2.  The  output  at  the  summer  showing  the  "noisy  discretization"  in  tenths 
(upper)  and  its  power  spectrum  (lower).  The  amplitude  of  the  signal  feature 
Aq  can  be  compared  to  the  amplitude  of  the  input  signal  Aj. 


Fig.  3.  The  gain  function  at  three  noise  levels:  0.5  (triangles),  0.7  (squares) 
and  1.5  (circles)  V-rms  for  an  input  Aj  =  1.4  V-pk  which  was  smaller  than 
the  switch  threshold  of  2.0  V-pk. 

determines  a  Nyquist  (upper  cutoff)  frequency.  Larger  noise  levels  lead  to  larger 
switching  rates  for  the  individual  ST's  and  hence  to  larger  Nyquist  frequencies.  Larger 
noise  levels  result  in  lower  low  frequency  gains  due  to  the  increased  randomization  of 
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the  sampling  process.  The  gain- bandwidth  product  is  not  a  constant. 

We  have  also  measured  the  phase  shifts  as  functions  of  the  signal  frequency  as  shown 


Fig.  4.  The  phase  lags  versus  the  frequency  for  two  noise  levels:  0.5 
(triangles)  and  0.7  (squares)  V-rms.  These  results  were  obtained  by  signal 
averaging  the  summed  output  and  comparing  it  directly  to  the  input  signal. 

in  Fig.  4.  As  shown  in  the  Figure,  the  phases  only  lag,  and  they  vary  from  0^  to  -W 
as  would  be  expected  from  a  linear  amplifier.  It  was  not  practical  to  measure  the  phase 
lags  for  the  largest  noise  level,  because  of  the  inordinately  long  averaging  time  required. 

In  conclusion,  we  have  shown  how  a  set  of  bistable  switches  driven  by  noise  plus  a 
subthreshold  signal  can  operate  as  an  amplifier  based  on  digital  sampling  of  the  input 
signal  at  random  times  governed  by  the  noise.  A  clearly  defined  Nyquist  frequency  is 
established  by  the  Kramers  rate  of  the  noise.  The  amplifier  has  a  transfer  function 
which  is  similar  to  that  of  a  linear  amplifier. 

Work  supported  by  ONR  grant  N00014-90-J-1327  and  by  NATO  grant  0770/85 
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ABSTRACT 

The  interacting  modes  model  describing  the  W  Vir  variables  behavior  is 
considered.  It  is  demonstrated,  that  nonisochronism  plays  an  essential  role  in 
appearance  of  multifrequency  regimes  and  stochastization  processes.  The  model 
considered  supposedly  is  the  simplest  one  which  describes  such  an  interesting 
phenomenon,  as  multistability.  Thus,  it  seems  reasonable  to  say,  that 
nonisochronism  has  to  be  taken  into  account  in  investigation  of  the  stellar 
eigenmodes  interaction. 


INTRODUCTION 

According  to  present-day  status  of  research  a  number  of  laws  of  the  W  Vir 
variables  behavior  is  explained  by  arising  of  the  stellar  radial  oscillations  which  is 
’  caused  by  exciting  of  one  or  more  hydrodynamical  eigenmodes. However,  to  our 
knowledge,  one  of  the  most  enigmatic  phenomena,  the  irregular  chaotic  pulsations 
of  some  stars  of  considering  type  has  defied  explanation  in  terms  of  finite-mode 
models.  Up  to  now  the  mathematical  modeling  of  such  pulsations  occurrence  could 
be  explained  only  by  direct  solving  of  the  stellar  radiative  hydrodynamic 
equations^’  and  one  of  the  most  principal  questions  was  in  fact  unresolved:  (i)  is 
the  occurrence  of  such  pulsations  conditioned  by  small  number  of  interacting 
modes  or  (ii)  is  finite-mode  consideration  principally  unacceptable  in  this  case.  In 
this  paper  we  prove  that  the  chaotic  pulsations  occurrence  may  be  caused  by  the 
interactions  of  only  two  radial  stellar  oscillation  modes,  and  such  regimes  can  be 
realized  even  at  small  nonlinearities  of  the  radiant  heat  exchange  processes.  The 
interacting  modes  equations  describing  the  chaotic  stellar  pulsations  regimes  follow 
immediately  from  the  radiative  hydrodynamic  equations  using  the  standard 
simplifying.  We  have  studied  into  the  chaotic  stellar  pulsations  occurrence 
scenarios  and  its  interplay  with  regular  stellar  behavior. 

MODEL 


A  usual  method  of  solving  the  radiative  hydrodynamic  problem  is  as 
follows^’  The  hydrodynamic  equations  on  the  assumption  of  spherical  symmetry 
take  the  form: 


dt^ 


dP 


dm 


Gm 

R^ 
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dt 


T  dm 


^h{R,s) 


(1) 


dR^  _  3 
dm  Anp 

with  boundary  conditions  at  inner  and  outer  boundaries  of  the  pulsating  envelope, 
respecting  to  our  assumptions  of  radius,  luminosity  and  temperature  of  burning 
core  and  their  observed  values.  These  equations  relate  the  Lagrange  radius  /?,  the 
pressure  P,  the  density  p,  the  specific  entropy  5  of  a  spherical  shell  and  are  the 
third  order  ones  with  respect  to  time  and  the  fourth  order  ones  to  m  and  must  be 
supplemented  by  the  equtions  of  state.  The  time  independent  solution  (Pq,  Sq)  to  the 

above  set  of  equations  can  be  obtained  by  assuming  —  =0  and  integrating  the 

dt 

derived  boundary  problem  for  ordinary  differential  equations  system.  Further,  the 
system  (1)  must  be  linearized  in  the  neighborhood  of  {Rq,  .Jq)  and  only 
variations  SR^R-Rq,  ds=s-SQ  have  to  be  considered.  For  these  variations  the  system 
(1)  takes  the  form; 

dz 

—  =  Az +N2ZZ -hN^zzz...  (2) 

dt  ^  ^  ^ 


where  7^(SR,3v,ds),  dv  =  -^,  A  is  linear  nonadiabatic  (LNA)  operator,  N2  and 

N3  are  quadratic  and  cubic  nonlinearities  operators  of  the  system  (1)  respectively. 
In  this  paper  we  consider  the  resonance  between  the  fundamental  tone  and  the 
second  overtone  of  operator  A  with  the  frequency  relationship  =2:1.  As  may 
be  inferred  from  the  existing  data,  this  resonant  case  is  of  prime  interest  for  the 
stellar  pulsation  in  generall  and  the  irregular  ones  specifically^’^.  For  this  case  the 
model  (2)  can  be  rearranged  to  the  cubic  approximation  form"^: 

—  =  -  8^a^)a  -  kab  sin  cp 

dr 


dr 


d^b  +  ka^  sin  <p 


(3) 


—  =  "A  +  pb^  +  k{a^  lb-  2b)  cos  0, 
dr 

Here  a,  b  and  (p  are  the  oscillations  amplitudes  of  the  active  and  passive  modes  and 
the  phase  difference  respectively;  r  is  the  "slow"  time,  and  are  the  real  parts 
of  the  eigenvalues,  zl  is  the  detuning  between  eigenfrequencies  and  ^3,  A 
and  P  are  the  coefficients  describing  nonlinear  dissipation,  resonant  interaction  and 
nonisochronism  respectively  represented  complicate  integrals  along  stellar  radius 
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which  depend  upon  interacting  modes  eigenfunctions.  Our  model  is  more  general 
in  comparison  with  previously  considered* because  the  nonisochronism  was 
taken  into  account.  We  used  the  same  order  parameters  in  our  model  as  in  the 
ones,  regarded  previously  and  characteristic  of  W  Vir  stars  and  now  we  shall 
consider  the  main  properties  of  our  model.  The  non-zero  values  of  stationary 
amplitudes  A  and  B  for  this  case  are  described  by  the  resonance  curve  equations 
obtained  by  solving  the  equations  (3)  at  zero  values  of  the  time  derivatives: 


2x2 


^1,2  “ 


±(S2+2S^~2S^A^) 


k^A^ 


S^(S,A^-S,) 


=  (4) 

<^2 

Its  typical  view  is  shown  in  the  Fig.  l.The  sign  ”+"  indicate  the  two  independent 


a  b 

Fig.l  The  resonance  curve  for  following  parameters:  62=-!,  b^—OA,  k=2;  a)  P=0  b)  P=5 

branches  of  it  which  correspond  to  two  different  possible  signs  of  the  phase 
difference  and  switch  one  to  one  at  0=0.  The  fig  la  demonstrates  its  typical  form 
for  isochronous  case  0^-0).  From  this  figure  it  is  clear  that  in  this  case  only  the 
stable  node-focuses  (solid  lines)  and,  for  sufficiently  large  saddle  (dashed  lines) 
stationary  states  may  exist  in  the  system  (3).  The  latter  appears  when  the  resonance 
curve  becomes  multivalued  and  the  behavior  of  system  (3)  and  also  the  governing 
hydrodynamical  system  (1)  essentially  depends  upon  its  evolution  i.e.  the  system  is 
multistable.  Any  other  regimes,  excepting  stationary  equilibrium  states  that 
correspond  to  the  stationary  amplitude  periodical  regimes  of  the  hydrodynamical 
system,  have  not  been  detected.  The  resonance  curve  typical  view  for 
nonisichronous  case  is  shown  in  the  Fig.  lb.  One  can  see  that  for  sufficuenly  large 
the  stationary  states  in  the  system  (3)  become  unstable,  that  is  marked  by  dotted 
line  between  the  points  B.  Generally  speaking,  the  Hopf  bifurcation  appears  in  the 
point  B  and  the  stable  limit  cycle  comes  into  being,  that  correspond  to  biperiodic 
pulsations  in  the  initial  system  (1).  For  detail  study  of  the  system  (3)  dynamics 
refer  to  the  bifurcation  diagram  (Fig.  2).  This  diagram  constructed  on  the  basis  of 
the  numerical  experiments  enables  us  to  trace  stellar  dynamics  regimes  in  a  wide 
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range  of  the  parameters  change.  The  multistability  region  is  bounded  by  bold  solid 
lines  marked  A- A  according  to  the  points  A  on  the  resonance  curve  (Fig.  1).  The 


line  marked  B-B 
denotes  the  Hopf 
bifurcation  and 

corresponds  to  the 
points  B  on  the  Fig.  lb. 
Inside  the  region 
enclosed  by  it  the  stable 
limit  cycle  exists.  The 
dashed  line  labelled  D 


designate  its  period 


doubling 


bifurcation. The  dashed 


Fig.2  Bifurcation  diagram  82==-l,  83=0.!,  A  =  8,  k=2  area  marked  by  C  is  the 

one  of  chaotic  motion.  Above  the  dashed  area  an  attractor  (or  cycle)  becomes 
unstable  and  oscillations  jump  to  the  stable  branch  of  resonance  curve  (solid  line  on 
the  Fig  lb). 


CONCLUSION 


In  our  work  the  mechanism  of  the  transition  to  chaos  through  a  series  of 
period  doubling  b’ifurcations  in  a  case  of  resonance  between  the  fundamental  tone 
and  the  second  overtone  for  W  Vir  models  has  been  considered.  An  investigation 
of  obtained  interacting  modes  equations  indicates  that  the  nonisochronism  plays  a 
crucial  role  in  the  stochastization  processes.  In  general,  a  large  body  of  nonlinear 
oscillations  theory  research^’^  supports  this  fact  not  only  in  the  2:1  resonant  case 
but  in  other  interacting  modes  cases.  However,  we  believe  that  the  model 
considered  is  the  simplest  one  by  using  which  it  is  possible,  at  least  qualitatively,  to 
investigate  insufficiently  explored  phenomena,  such  as  appearance  of  pulsations, 
their  transformation  into  irregular  regimes,  multistability  and  other  nonlinear  stellar 
dynamic  effects. 
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ACCURACY  OP  1/P-LIKE  SPECTRUM  DECOMPOSITIOH 
cm  THE  SUM  OF  lORENTZIANS 

A.L.Mladentzev,  Ir. ,  and  A.V.rafttmoy,  Prof. 

State  University,  N. Novgorod  603600,  Russia 

ABSTRACT 

1/f  noise  is  considered  as  a  superposition  of  pro¬ 
cesses  having  lorentz  type  spectrum  with  different  comer 
frequencies  and  variances.  Processes  are  associated  with 
the  motion  of  defects  within  a  sample.  Thus,  the  decompo¬ 
sition  of  the  1/f-like  spectrum  on  the  sum  of  lorentzians 
allows  to  determine  electro-physical  parameters  of  de¬ 
fects  existing  in  the  considered  sample.  Here  the  problem 
of  the  accuracy  evaluation  for  parameters  of  each  Lorent- 
zian  extracted  from  analyzed  spectrum  is  solving. 

INTRODUCTION 

The  spectrum  of  the  1/f  noise  is  considered  as  a 
superposition  of  Lorentz  spectra  differing  by  comer 

frequencies  and  variances  (see,  e.g.^).  The  decomposition 
of  spectrum  on  the  sum  of  Lorentzians  opens  the  new  way 
for  the  identification  of  defects  existing  in  the  sample. 

The  first  problem  is  the  test  of  the  1/f-like  spect¬ 
rum.  This  spectrum  must  have  "wavy"  shape  due  to  the  pre¬ 
sence  of  Lorentz  components.  The  accuracy  sth  of  the 
spectrum  measurement  is  determined  by  known  methods.  This 
value  is  compared  with  the  estimation  Ssx  reached  after 
fitting  of  the  "real"  spectrum  by  the  power  law.  If  eth 
is  smaller  than  soa,  the  spectrum  may  be  decomposed  as 
the  sum  of  Lorentzians.  Variances  and  characteristic 
(comer)  frequencies  of  Lorentzians  are  to  be  determined. 

The  second  problem  is  the  variance  and  characteris¬ 
tic  frequency  accuracy  evaluation  for  every  Lorentzian 
selected  from  the  spectrum.  The  similar  problem  for  the 
spectrum  approximation  by  the  power  law  was  treated  by 

authors  in  paper  The  formulated  problem  we  have  solved 
analytically  for  a  single  Lorentzian.  In  the  case  of  a 
number  of  Lorentzians  the  numerical  treatment  is  necessa¬ 
ry.  The  corresponding  procedure  is  worked  out.  It  takes 
into  account  the  possibility  of  edge  effects.  That  is,  in 
the  low-frequency  part  of  the  measured  spectrm  the  tall 
may  exist  from  Lorentzians  having  characteristic  frequen¬ 
cies  small  comparing  with  the  lowest  analyzing  frequency; 
at  the  high-frequency  part  the  plateau  takes  place  due  to 
Lorentzians  with  very  high  characteristic  frequencies  and 
due  to  the  presence  of  an  additive  noise  of  the  measuring 
setup. 
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MALYSIS  OF  SINGLE  LORENTZIM 

Consider  the  relaxation  type  spectrum  (lorentzlan): 

S(f)  =  A-v/(v^+f^)  ,  (1 ) 

Here  /  Is  the  analyzing  frequency,  A  -dimensionless  amp- 
lltude,  and  v  -characteristic  (corner)  frequency.  While 
measuring  such  spectrum,  the  problem  arises  to  determine 
values  A  and  and  to  estimate  their  accuracies. 

To  find  A  and  one  can  use  the  known  least  square 
method  minimizing  the  mean  square  error  of  the  approxima- 

=-L  f  (LS/S^f  , 

N  1=1  ‘ 


Where  N  is  the  number  of  spectrum  samples  at  frequen¬ 
cies  /j,  i=T7N;  t£^=S^-A-v/(v^+f^^)  -the  discrepancy. 

The  minimization  of  leads  to  the  following  system 
of  equations:  ^ 


SolYlng  this  system,  one  can  find  values  A  and  v.  Let  us 
go  to  the  accuracy  evaluation  for  these  values. 

Let  6Sj  be  the  relative  error  of  the  spectrum  measu¬ 
rement.  Then  the  spectrum  is  as  follows: 


Sj  =  <S^>- (1  +68^;  ,  1=1, N  , 

where  <S^>  is  the  spectrum  determined  by  eq,(l)  at  frequ¬ 
ency  /j.  Error  6s ^  leads  to  the  error  In  A  and  v: 


A  =  <A>-(1  +  Qa)  ,  V  =  <v>- (1  +  dv). 

Here  <i>  and  <v>  are  exact  values  of  these  parameters,  6o 
and  5v  -relative  errors.  Evaluating  total  differentials 
of  functions  (2),  one  can  find  dependences  6a=da(ds^,ds^, 

• • • ’^^1})’  ^v=6v(ds^,Qs^, . . . ,6s^J  for  small  values  68^, 

6s^,..,,d8j^  .  Taking  <S^>=<A>-<v>/(<v>^+f^)  and  denoting 

we  get: 
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1 

W  _ 

6a  = 

N-a/  c 

l^(b^ 

-  b■b^)■ba 

1 

mm. 

6v  = 

0 

N-a^^  <■ 

-  b)■63^  . 

where  a^=  -  '6  ;  the  bar  denotes  an  arithmetic  avera¬ 

ging  over  existing  samples.  Eqs.(3)  provide  the  final  so¬ 
lution  of  the  problem:  knowing  the  statistic  of  Q8^,  one 

may  find  o^  and  a?.. 

dr  Ir 

ANALYSIS  RESULTS 

Let  us  suppose  that  relative  measurement  errors  at 
different  frequencies  are  mutually  non-correlated  and  ha¬ 
ve  fixed  variance:  <6Sj-6s^>  =  Here  6^^  Is  Krone- 

cker  delta.  Variances  of  errors  (3)  In  this  case  are: 

=  (4  .  4-^4  '^4>  • 

An  example.  The  quality  N=31  of  frequencies  are  cho¬ 
sen  equidlstantly  from  fj=1Hz  up  to  f^=3f12Hz.  Normalized 

on  Og  functions  =  o^(<v>)  and  =  a^(<v>)  are  shown 

In  flg.1  by  full  and  broken  lines.  One  can  see  that  the 
region  of  frequencies  <v>  exists  where  accuracies  are  ne¬ 
arly  fixed  and  have  minimum  values.  This  circumstance, 
after  crude  spectrum  estimation,  allows  to  choose  analy¬ 
zing  frequencies  on  the  manner  ^vlng  the  minimal  error 
In  fitting  parameters. 

Following  relations  may  be  used  lor  estimations  (4) 
if  the  equidistant  in  logarithmic  scale  choice  of  frequ¬ 
encies  Is  made: 

_  *  (5) 

o|  =  b^-U2Z-Z^  ;  Z=(10/Ly}  ls  l(f^+v^)/(f\+v^)J  . 

Here  Ay=tO- IgC/^Z/^;  Is  the  band  width  (In  dS). 

Variances  (4)  are  minimal  in  the  centre  of  logarith¬ 
mic  scale  band  (at  v  =  ): 

“A.™  -  -  “Ai„  ■  («) 

These  variances  are  considerably  higher  at  band  edges 

(V  =  /,.  V  =  4;. 
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Eqs.(6)  are  valid  If  For  additive  condition 

»  V  the  following  simplification  of  eqs.(5)  may  be 
used: 

b^=J-  20-lge/Ay,  0^=  l)^-U4Y-4T^  ;  Y=(y^-y^)/Ly  , 

where  yy^=10-lgf^,  y^=lO-lgi^.  Due  to  the  usage  of  the  ap¬ 
proximation  Q8^«1,  i  =  1  ,if  ,  In  eq.(4-),  standards  o 
and  are  linear  functions  of  Og. 


0  10  20  30  40  0  10  ^  20 

Corner  freq.,dBHz  Acc  S.  % 


Pig.1.  Variances  and  o|,  Pig.2.  Spectrum  simulation 
normalized  on  Og  .  results. 

The  approximation  validity  limits  are  Illustrated  by 
flg.2  for  the  case  N=31 ,  f^=1Hz,  f^=3112Hz,  v=100Hz.  A=3. 

Direct  lines  correspond  to  (4);  points  -  Monte  Carlo  si¬ 
mulation  data.  Random  values  6s ^  follow  to  Gauss  law. 

Each  point  Is  the  averaged  result  over  100  found  values 

experimental  error 
within  10%  the  linear  approximation  works  well.  If  the 
spectrum  measurement  accuracy  Is  10%  then  errors  of  A  and 
V  determination  do  not  exceed  2%. 

As  m  example,  fig.3  presents  solutions  of  eqs.(2) 
for  simulated  spectra  containing  experimental  errors  10, 
20  and  30  percents.  Curves  are  results  of  approximation: 
points  show  values  of  simulated  spectra. 

One  can  check  the  approximation  correctness  (In  oth¬ 
er  words,  found  values  A  and  v  validity)  mentlonli^  that 
for  taken  measuring  accuracies  the  approximation  accura¬ 
cies  are  10,  25  and  45  percents,  respectively. 


S(f)«f.  dB 
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Frequency,  dBHz 

Flg.3.  Approximation  of  simulated  spectra. 

1/f-LIKE  SPECTRDM  DECOMPOSING 

The  spectrum  of  1/f-like  noise  may  he  presented  as 
the  following  superposition  of  Lorentzlans: 


S(f)  =  D/f  +  +  ?  V 


</(vl  +f). 

m  m 


The  first  term  here  respects  to  'tNe  high-frequency J^all" 
of  lorentzlans  with  small  comer  frequencies  comp^lng 
with  the  second  term  in  eq. (T)  is  plateau  caused  by 

Lorentzlans  having  high  comparing  with  fy^  comer  frequen¬ 
cies;  the  last  term  accounts  lorentzla^  forming  the  Vf- 
llfee  spectrum  In  the  region  of  analyzed  ^requencl^,  M  is 
the  nSiber  of  these  Lorentzlans  determined  by  parameters 
A  and  v  e 

Testing  experiments  ^  on  gas-sensing  SnO^  films  were 

carried  out  to  check  the  spectrum  decomposing  procedure 

in  the  frequency  band  25, 5- The  specM  m^su- 
rement  accuracy  estimation  was  eth  «*  0.2  dS.  Approxlmati 

on  of  spectrum  data  by  the  power  law  S(f)~f  ^  gives  the 
discrepancy  up  to  ee®  =  O.o  dB.  TMs  result  was  co^ide- 
red  as  the  base  lor  the  spectrum  decomposing  in  the  ac¬ 
cordance  with  eq.  (T).  Up  to  three  Lorentzlans  on  the 
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background  of  /  ^-type  low-frequency  tall  and  hlgh-frequ- 

ency  plateau  were  determined.  The  error  In  parameters 

for  eg, (7)  were  found  to  be  rather  high.  Nevertheless, 
the  discrepancy  between  spectrum  (7)  and  the  measured 
spectrum  did  not  exceed  the  measurement  accuracy  sth. 

^  results  show  that  the  decomposing  procedure 

of  1/f-llke  spectrum  on  to  sum  of  Lorentzlans  is  quite 
real.  It  Is  desirable  to  analyze  the  noise  In  wide  tempe¬ 
rature  band  taking  In  the  mind  the  goal  to  increase  the 
decomposing  procedure  accuracy  and,  as  a  result,  to  de- 
termyie  electro-physical  parameters  of  defects  existing 
In  the  sample.  That  means,  found  dependences  of  parame¬ 
ters  In  spectrum  (7)  on  the  temperature  allows  to  get  ad¬ 
ditive  estimations  for  these  parameters.  On  other  turn, 
the  analysis  of  the  spectrum  temperature  evolution  may 
relations  necessary  for  the  deteimlnlng  of  types 
of  defects  existing  In  the  sample. 

CONCLUSION 


The  way  to  check  the  accuracy  of  1/f-like  spectrum 
decomposition  on  the  superposition  of  Lorentzlans  Is 
Shown.  Knowing  the  measurement  accuracy,  one  can  find  ac¬ 
curacies  of  values  A  and  v.  The  spectrum  treatment  Is  to 
be  considered  as  successful  If  the  found  discrepancy  bet¬ 
ween  measured  and  evaluated  spectra  does  not  exceed  the 
measurement  accuracy.  In  other  case  the  spectrum  Is  to  be 
approximated  by  another  function. 

Authors  are  thankful  to  The  Netherlands  Organization 
for  Scientific  Research  (NWO)  and  to  Prof.  F.N.Hooge  for 
the  support  of  Investigations  on  the  considered  problem. 
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OF  LOSSES  OF  INPUT  MATCHING  CIRCUIT 
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ABSTRACT 

The  main  soiirces  of  instrumentation  errors  (inaccuracy  of  source  admittance  set¬ 
ting,  inherent  noise  of  measuring  system,  losses  of  input  matching  circuit)  occuring  at 
the  noise  figure  measurement  have  been  analysed.  They  have  great  influence  on  the  ac¬ 
curacy  of  estimation  of  noise  parameter  set  of  linear  twoports.  Selected  results  obtained 
by  means  of  the  elaborated  system  for  the  noise  figure  measurement  are  presented.  The 
system  was  applied  for  the  measurement  of  noise  properties  of  two-gates  MOSFETs  at 
the  frequency  f=200  MHz. 


INTRODUCTION 

Noise  properties  of  a  linear  twoport  in  a  high  frequency  range  are  precisely  de¬ 
termined  by  the  basic  set  of  four  noise  parameters  [Fq,  Gq,  Bq,  Rn]  defined  according 
to  the  equation  describing  the  noise  figure  F*: 

^(/)  =  /"„(/) +j7^{[G.(/)-a(/)f+[4(/)-4(/)f}  (1) 

where;  Fq  -  minimal  value  of  noise  figure  (for  noise  matching), 

Yq  ^  Go  ^  JBq  -  optimal  source  admittance  which  enables  to  obtain  the 
minimal  noise  figure  Fa 
Ys  Gs  +  j  Bs  -  source  admittance, 

Rn  -  equivalent  noise  resistance  characterizing  deterioration  of  noise 
properties  when  Ys  is  not  equal  to  the  optimal  admittance  Yq  ■ 
According  to  theoretical  considerations  for  the  complete  determination  of  noise  behav¬ 
iour  of  a  twoport  it  is  sufficient  to  cany  out  the  four  measurement  of  noise  figure  at 
different  measurement  conditions  [Go,  5o].  Basing  on  results  of  measurements  the  val¬ 
ues  of  four  noise  parameters  are  evaluated  by  a  chosen  estimation  procedurez  Howev¬ 
er,  usually  the  greater  (redundant)  number  of  measurements  than  four  is  performed  to 
minimize  the  statistical  error  of  estimation  method. 

Generally,  two  kinds  of  error  can  be  distinguished:  instrumentation  and  statistical 
(related  to  the  estimation  procedure).  In  the  paper  only  the  former  errors,  especially 
essential  in  the  case  of  low  available  power  gain  and  low  noise  figure  of  a  twoport 
under  test,  have  been  considered.  They  are  uncorrelated  and  additive,  so  the  total  in¬ 
strumentation  error  AF  of  noise  figu  re  measurement  can  be  written  as  follows: 

(2) 

where  the  component  AFa.  is  due  to  inaccuracy  of  source  admittance  setting,  AF^  is 
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caused  by  the  inherent  noise  of  measuring  system,  and  AF^  is  due  to  losses  of  matching 
circuit.  Each  of  them  has  been  analysed  in  relation  to  the  measuring  system. 

INACCURACY  OF  SOURCE  ADMITTANCE  SETTING 

Usually  values  and  as  measurement  conditions  (taken  into  account  to  cal¬ 
culations  of  a  set  of  four  noise  parameters)  differs  from  the  actual  value  of  source  ad¬ 
mittance  Y^-G^+  JB^.  In  that  case  an  error  AFa  is  given  by  the  relation: 

r  -  -  ^  1/2 

(3) 

(4) 

(5) 

(6) 

The  components  AF'  and  AF"  calculated  for  the  bipolar  transistor  BF180  at  different 
relative  values  of  AB^  and  AG^  (10,  25,  50%)  are  shown  in  Fig.l.  For  G^  <G^  values 
of  cF  depend  on  G^,  therefore  measurements  at  G^  >G^  are  recommended.  It  is 
easy  to  recognize  that  the  increase  of  AB^  (Fig.l. a)  gives  in  a  result  the  increase  of  AF' 
especially  at  G^  <  G^ .  The  increase  of  AG^  (Fig.  1  b)  gives  as  a  consequence  the  in¬ 
crease  of  AF”  especially  at  G^  <  Gq  and  B^^  B^,  but  this  component  of  error  is  not 
equal  to  zero  for  B^  =  B^  and  for  different  values  of  G,  (AF”  is  equal  to  zero  only  at 
an  optimal  source  admittance  .  In  Fig.  2  the  errors  A^  at  different  relative  values  of 
AB^  =  AGj.  are  presented.  The  error  AF^  increases  at  G^  <  G^ .  Minimal  value  of  AF^ 
at  Gj  >G^  can  be  obtained  at  B^^  B^.  From  equations  (1)  and  (3)  for  G^  =  0.05^ 
and  B^  -0.035  we  have,  for  example: 

AF^=5.24  F-5.1  AFJ  F  =  1.021  A5,  =AG^=10% 

AF;  =13.12  N  =  5.1  AFJF  =  2.512  AB,  =  AG^=25% 

AF^  is  nearly  constant  for  G,  G^  and  for  different  B^.  For  values  G^  <  G^  the  error 
AF^  rapidly  increases;  for  example,  at  G^  =  0.015  ,B^=  -0.035  ,  A5^.  =  AG^  =  10%, 
the  value  of  AF^  is  equal  to  40.31  (F=6.3)  and  we  have  AF^  /  F  =  6.398.  It  is  impor¬ 
tant  factor  because  relative  errors  AB^  and  AG^  equal  10%  can  be  found  in  practice. 


=  ±^(AF')\(AF''f  =±| 


z  r 


AF 


AG„ 


where: 


G.  "  ° 


{g^.gA~{b,-bJ 


AS  =S.-5 


S  SX  ’ 


=  G.  -  G„ 
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For  the  same  conditions  we  obtain  /  F  =  10%  at  AS^  =  =  1%  or  bF^  I F  =  \% 

at  AB^  =  AG,  =0.1%. 

(a)  (b) 


U." 

< 

& 

s 


Fig.  1.  Graphical  representation  of  components  AF' (a)  and  AF"' (b)  versus  7^. 

One  can  conclude  that  the  mini¬ 
mum  of  AF^  can  be  obtained  at 
G^>G^  and  at  Values 

of  G^^,B^^  should  be  possibly 
equal  to  G,  andF^.  Basing  on 
those  considerations  one  can  con¬ 
clude  that  an  accurate  determina¬ 
tion  of  actual  values  of  and  B^ 
proved  to  be  very  important. 

Fig.  2.  Error  AF^  versus  7^ 

INHERENT  NOISE  OF  MEASURING  SYSTEM 

Knowing  available  power  gain  of  measured  twoport  and  noise  figure  of  measu¬ 
ring  system  one  can  evaluate  A/^  by  means  of  the  Fiiis’  equation  .  Those  magnitudes 
can  be  measured  using  methods  elaborated  by  the  authors^ and  rely  on  the  intrinsic 
increase  of  noise  power  from  the  noise  gnerator  to  cause  the  noise  figure  increase  by 
l/2kToorlkTo. 

LOSSES  OF  INPUT  TUNED  MATCHING  CIRCUIT 

Standard  noise  generatots  with  typical  output  impedance  (e.g.  50Q)  are  common¬ 
ly  used  for  noise  figure  measurement  in  the  hi^  frequency  range  (Fig.l),  Input  tuned 

circuits  setting  a  source  admittance  7^  connected  to  them  have  inherent  losses  T.  Mea- 
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Ji 


Fig.  3.  Block  diagram  of  noise  figure  measure¬ 
ment  system  in  the  high  frequency  range 


G,[/n5] 


Fig.  4.  Dependence  AFc  versus  Gg 
for  the  input  matching  circuit 


sured  noise  figure  has  a  value  F^  different  from  the  actual  F.  A  correction  component 
AFc[dB]  =  Fx-  F  depends  only  on  losses  of  tuned  matching  circuit.  The  value  of  AF^ 
can  be  a  function  of  Zg  (Fig. 4).  In  the  frequency  range  to  hundreds  of  MHz  the  losses 
of  the  matching  circuit  can  be  determined  with  an  accuracy  of  ±  0.  IdB. 


CONCLUSIONS 


In  the  computer-aided  system  for  the  noise  figure  measurement  it  is  possible  by 
means  of  the  programmable  matching  circuit  not  only  to  set  (to  adjust)  the  measuring 
conditions  of  a  twoport  under  test  but  also  to  take  into  account  the  influence  of  dif¬ 
ferent  factors  on  an  accuracy  of  measurement.  The  application  of  presented  techniques 
gives  the  possibility  to  improve  an  accuracy  of  noise  figure  measurement  for  different 
values  of  noise  source  impedance  and  finally  to  determine  the  four  noise  parameter  set 
of  linear  twoport  with  an  error  smaller  than  0.5  dB. 
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FEIGENBAUM  UNIVERSALITY  UNDERLIES  INTERMITTENCY 
AND  ANOMALOUS  EVENTS  IN  HADRON  COLLISIONS 


A.V.Batunin 

Institute  for  High  Energy  Physics,  Protvino, 142284,  Russia 
ABSTRACT 

Unusually-high-particle-density  events  find  natural  explanation  within  bi¬ 
furcation  mechanism  of  hadropro  duct  ion  proposed  earlier  to  account  for  intermit- 
tency  in  particle  collisions.  The  comparison  between  theory  and  experiment  is 
performed  for  an  anomalous  event  with  dN/dy  >  100  of  NA22  Collaboration,  for 
Si-AgBr  interaction  in  cosmic  rays  of  JACEE  Collaboration  and  for  the  pseudora¬ 
pidity  distribution  of  the  charged  particle  group  centers  with  a  peak  at  \r}\  =  0.3 
of  NA23  and  NA27  Collaborations. 

INTRODUCTION 

One  of  nowadays  hadron  physics  puzzles  is  the  dynamical  origin  of  intermit- 
tency  in  multiplicity  distributions  of  charged  particles  In  this  paper  we  propose 
a  new  method  of  investigating  intermittency  which  follows  from  the  bifurcation 
mechanism  (BM)  of  hadroproduction 

BM  relates  intermittency  to  nonlinearity  of  a  differential  equation  (still  hy¬ 
pothetical)  governing  the  interaction  between  quarks  and  gluons  at  the  hadroniza- 
tion  stage  when  low  momentum  transfer  dominates  and  QCD  perturbation  theory 
seems  to  be  inapplicable.  Hadron  generation  in  the  framework  of  BM  is  analogous 
to  appearance  and  development  of  turbulence  in  fluid  through  a  series  of  period¬ 
doubling  bifurcations  (PDB)  and  the  mentioned  above  governing  equation  (GE) 
is  expected  to  be  a  somewhat  modified  Navier- Stokes  equation. 

We  apply  our  method  to  the  description  of  three  well-known  experiments 
chosen  due  to  their  most  statistical  significance. 

BM  AND  NEW  METHOD  OF  STUDYING  INTERMITTENCY 

The  main  BM  propositions  ^  are  briefly  listed  below. 

There  exists  nonlinear  GE  whose  solutions  depend  on  one  parameter  -  the  energy 
of  collision  in  a  given  event  y/s  (<  ^/s).  The  number  of  splittings  of  a  phase 
space  trajectory  (PST)  corresponding  to  a  given  solution  determines  the  number 
of  intermediate  particles  (clans)  which,  in  turn,  decay  into  observable  particles. 
The  number  of  particles  k  per  decay  may  vary,  however,  the  averaged  over  all 
events  <  A;  >  at  any  fixed  energy  keeps  constant  for  all  energies. 

On  PST,  a  one-dimensional  Poincare  map  is  defined 


(1) 
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where  means  the  point  of  intersection  of  PST  and  some  straight  line  z  in  the 
phase  space  while  the  subscript  s  indicates  the  dependence  of  map  (1)  on  energy. 

The  basic  assertion  is  that  map  (1)  has  a  unique  quadratic  maximum  if 
one  takes  the  rapidity  axis  as  the  direction  2:.  In  other  words,  after  some  variable 
transformation  one  can  write  map  (1)  in  the  following  form: 

^  Aa;„(l  -  [0,1],  (2) 

where  A  is  the  energy-dependent  governing  parameter  and  the  correspondence 
between  the  variable  and  the  nth  clan  rapidity  is  defined  by  the  relation 

2|a:„  -  0.5|  \yrMymax-  (3) 

Here  ymax  ~  ^7i(y^/2mc/),  md  is  the  kinematicai  cut  parameter,  the  factor  2  indi¬ 
cates  pair  clan  production.  Note  the  center  of  rapidity  interval  y  =  0  corresponds 
to  the  point  x  —  0.5  of  map  (2). 

Map  (2)  is  well  studied  In  particular,  at  fixed  A  from  the  interval  A  = 
[3,  Aqo  =  3  .5699..]  the  sequence  [a:J  sets  to  one  of  the  limit  stable  (LS)  2"^-cycles 
(m  =  0, 1,2, ..)  as  n  ^  00.  The  cycle  size  doubles  (i.e.,  PDB  2^  — >  occurs) 
when  A  passes  through  a  given  value  A  =  A,^  G  A.  The  rate  of  the  A^  convergence 
towards  is  determined  by  the  first  Feigenbaum  constant  6: 

(Aco  -  A„j)  ~  m  >  1,  (4) 

so  that  the  number  of  LS  2"'-cycle  elements  satisfies  the  following  equation 

2^  -  (Aoo  -  A^)-^^,  Air  =:  In2/ln6  =  0.449..  .  (5) 

In  BM,  the  number  of  LS  2"”-cycle  elements  is  equal  to  the  number  of  clans  n^/, 
which  determines  the  mean  multiplicity  of  charged  particles  <  Uch  >  =  <  k  >  Ud. 
On  the  other  hand,  fit  over  experimental  <  rich  >  data  in  pp  and  pp  collisions  in 
the  A/T-range  5  -  900  GeV  gives  the  following  dependence 

<  rich  >~  V^,  A  =  0.449  ±  0.018  .  (6) 

Then,  it  is  easy  to  obtain  from  (5)-(6)  the  correspondence 

(Aco  A)  <2/^/5,  d  —  A  G  A,  ^7) 

where  is  7r-meson  mass.  Thus,  we  know  which  of  LS  2’^-cycles  corresponds  to 
a  given  energy  of  collision  and  we  can  use  our  knowledge  to  compare  the  positions 
of  the  cycle  elements  on  the  interval  [0, 1]  and  the  positions  of  clans  on  the 
normalized  rapidity  axis  For  every  partition  of  the  unit  interval  into  bins  5^ 
we  find  the  dependence  of  the  number  of  the  cycle  elements  iV  in  a  bin  6^  on  the 
bin  position,  which  corresponds  to  the  observed  dependence  duch  /  d\y\.  The  only 
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difficulty  is  that  there  are  the  clan  positions  on  the  normalized  rapidity  axis  which 
theoretically  predicted  but  not  the  positions  of  observed  particles  themselves. 

That  is  why  one  should  either  reconstruct  clan  positions  dividing  ob¬ 
served  particles  into  groups  and  then  compare  group  center  positions  with  BM- 
predictions,  or  select  events  with  maximal  particle  density  dnchld\y\  interpreting 
a  high  density  group  as  a  clan  beginning  to  decay. 

COMPARISON  WITH  EXPERIMENT 

The  first  way  is  suitable  if  there  are  a  lot  of  events  at  the  same  energy. 
The  experiment  of  NA23  and  NA27  collaborations  ®  where  33228  events  in  py 
collisions  at  y/s  =  26  GeV  were  studied,  satisfies  this  condition.  In  each  event 
of  this  experiment,  3-particle  groups  were  picked  out  and  group  center  positions 
on  the  pseudorapidity  axis  7]  were  determined.  Then  the  |7?|-axis  was  divided  into 
bins  d\T]\  0.1  and  the  dependence  of  the  number  of  group  centers  within  a  given 

bin  on  the  bin  position  was  plotted,  see  fig.  la. 


Fig.l.  Solid  line  -  3-particle  group  center  distribution  ^  on  pseudorapidity  axis 
after  subtraction  of  the  background  (8)  and  normalization  to  8  events,  dashed 
line  -  theoretical  8-cycle  element  density  distribution  at  the  bin  size  =  0.1  -  a); 
experimental  charged  particle  distribution  at  =  0.1  in  AE  ®  after  subtraction 
of  the  background  (9)  -  b). 

The  group  center  distribution  was  found  to  have  a  pronounced  narrow  peak 
at  I?/!  =  0.3  which  is  more  than  four  standard  deviations  from  smooth  background. 
In  the  framework  of  BM,  this  peak  finds  a  natural  explanation  as  well  as  a  less 
pronounced  second  peak  at  |7/|  E  [0.6, 0.8].  In  fact,  to  the  energy  y/s  =  26  GeV 
the  8-cycle  corresponds,  see  form.(7).  Plotting  for  it  the  distribution  N{^)  and 
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comparing  it  with  the  experimental  histogram  where  a  smooth  fit  (“background”) 

/o(l’?l)  =  310(1  -  ezj)[|7;|  -  3]),  (8) 

is  subtracted,  we  have  found  that  the  peak  positions  coincide  (see  fig.la)  if  one 
takes  rrici  =  ^/s|b.b  {ymax  =  !)•  The  height  excess  of  the  first  peak  and  suppression 
of  the  second  one  in  comparison  with  the  theoretical  calculations  we  attribute  to 
the  phase  space  influence  still  not  taking  into  account  in  BM. 

The  smooth  background  in  BM  arises,  first,  as  a  result  of  contributions  from 
2-  and  4-cycles,  since  \/I  varies  in  different  events  even  at  fixed  ^/s..  Second,  the 
clans  can  decay  not  only  into  3  particles  but  also  into  2,  4,  5,  ...  ones.  Therefore, 
the  partition  of  all  particles  only  into  3-particle  groups  can  distort  the  true  clan 
positions  spreading  their  distribution  along  the  pseudorapidity  axis. 

Next,  we  apply  the  second  way  to  the  prominent  anomalous  event  (AE)  in 
TT+p  interaction  at  ^/s  =  22  GeV  of  NA22  collaboration  In  this  AE,  10  out  of 
26  charged  particles  are  concentrated  within  very  narrow  rapidity  interval  5y  = 
0.098  that  is  10^  times  greater  than  the  probability  of  such  event  expected  from 
the  extrapolation  of  the  rest  of  the  data.  Subtracting  background  foi\y\), 

fo{\y\)  =  1.64(1  -  exp{\y\  -  2.5)).  (9) 

and  taking  rrici  =  {ymax  =  0.9)  we  see  that  again  the  main  peaks  in 

theoretical  and  experimental  distributions  coincide,  compare  figs.  la,b.  Thus,  the 
separate  AE  is  consistent  both  with  the  high  statistics  results  on  group  center 
positions  ^  and  BM  predictions. 

Finally,  we  apply  our  method  to  the  description  of  AE  in  cosmic  rays: 
Si  -  AgBr  interaction  at  the  energy  4.1  ±  0.7  TeVInucleon,  observed  by  JACEE 
collaboration  In  this  AE,  1010  ±  30  charged  particles  were  detected,  with  the 
particle  density  distribution  on  the  pseudorapidity  axis  being  extremely  inhomo¬ 
geneous,  see  fig.2a.  Statistical  probability  of  such  event  is  turn  out  to  be  less 
than  9  per  cent  ®  which  compels  us  to  find  a  nonstatistical  origin  of  this  AE. 
Subtracting  background  /o(7/), 

fo{T})  =  184[(1  -  exp{~5.5  -  T})){1  ~  exp{-5.5  ±  7/))]®-\  (10) 

and  taking  ^  v^/30  {ymax  =  2  .7),  we  see  that  the  theoretical  and  experimental 
main  peak  positions  coincide  at  ^  G  [0.30, 0.33],  see  figs. 2a, b.  Note  that  in  this  case 
(nucleus-nucleus  collision),  the  background  is  generated  by  uncorrelated  nucleon- 
nucleon  interactions. 


CONCLUSION 

We  have  shown  that  the  so-called  “anomalous”  events  are  quite  natural 
from  the  point  of  view  of  bifurcation  mechanism  of  hadronization  via  intermediate 
particles  -  clans.  Anomalous  events  are  nothing  else  but  a  manifestation  of  fractal 
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structure  of  LS  2""-cycles  formed  by  the  clans  on  the  (pseudo)rapidity  axis.  In 
such  events  we  see  clans  immediately  after  they  begin  to  decay  into  observable 
particles. 

N  per  bin  N  per  b,i, 


Fig.2  Experimental  charged  particle  distribution  ^  at  the  bin  size  Sr}  =  0.1 
after  subtraction  of  the  background  (10),  ^  =  \r}\/2.7  -  a);  theoretical  64-cycle 
element  density  distribution  (corresponding  to  ^/s  =  4.1  TeV)  at  the  bin  size  S^ 
=  1/27  normalized  to  57  elements  to  compare  with  the  experiment  -  b). 
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In  this  work  we  compare  the  spectral  properties  of  the  daily  medium  temper¬ 
ature  fluctuations  with  the  experimental  results  of  the  Chicago  Group,  in  which 
the  local  temperature  fluctuations  were  measured  in  a  helium  cell.  The  results 
suggest  that  the  dynamics  of  the  daily  temperature  fluctuations  is  determined 
by  the  soft  turbulent  state  of  the  atmospheric  boundary  layer,  which  state  is 
significantly  different  from  low  dimensional  chaos. 

There  is  a  widespread  interest  in  forecasting  and  modeling  of  weather.  Although 
all  the  basic  mechanisms  that  govern  the  dynamics  of  the  atmosphere  have  been  well 
known  since  quite  a  long  time,  the  detailed  understanding  and  adequate  character¬ 
ization  of  the  fluctuations  of  various  statistical  quantities  of  the  lower  atmospheric 
boundary  layer  is  still  not  complete.  For  example,  there  were  several  attempts  to  de¬ 
scribe  the  dynamics  of  daily  medium  temperature  fluctuations.  A  typical  viewpoint 
is  that  the  underlying  mechanism  is  fully  stochastic  in  nature  and  can  be  considered 
as  an  autoregressive  process.  A  completely  different  viewpont  suggests  that  the  ap¬ 
parent  irregularities  may  be  attributed  to  a  deterministic  chaotic  behavior,  although 
serious  doubts  have  arisen  on  the  existence  of  low  dimensional  chaos  in  the  long  time 
behavior  of  the  atmosphere  (climatic  attractor),  as  well  as  in  the  processes  over  very 
short  time  scales. 

The  present  investigation  is  based  on  temperature  mieasurements  by  the  Hungarian 
Meteorological  Service  performed  at  twenty  different  meteorological  stations  covering 
the  area  of  Hungary  for  the  period  1,1.1951  -  31.12.1989.  The  detailed  analysis  has 
been  published  in  Ref.  [1],  We  produced  the  fluctuation  time  series  by  substracting 
the  deterministic  part  from  the  daily  medium  temperature  data.  The  histogram  of  the 
fluctuation  amplitudes  has  a  pronounced  Gaussian  distribution^  The  power  density 
spectrum  can  be  obtained  by  well  established  methods,  Figure  1  shows  a  typical 
result. 
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FIG.  1.  Unnormalized  power  density  spectrum  of  the  temperature  fluctuations  measured 
in  Szombathely.  The  frequency  unit  is  1/day.  The  solid  line  is  the  fit  given  by  Eq.  (1),  the 
dashed  line  illustrates  the  1/p  behavior  on  a  restricted  frequency  range. 


All  of  the  spectra  of  the  time  series  measured  at  different  meteorological  stations 
can  be  fitted  by  the  function 


P{f)  = 


(1) 


where  P,  =  222  ±  16,  /,  =  0.017  ±  0.005,  fl  =  0.54  ±  0.03,  and  the  deviations 
indicate  slight  meteorological  station  dependence.  Surprisingly,  this  form  of  the  fitting 
function  (1)  with  the  same  exponent  /?,  and  the  Gaussian  fluctuation-histogram  are 
exactly  the  same  as  found  in  the  helium  experiment^  in  the  soft  turbulent  region  (see 
later).  We  note  that  the  high  frequency  part  of  the  power  spectrum  may  be  fitted  by 
a  power  law  on  a  very  restricted  frequency  range  (approximately  half  decade)  with 
an  exponent  ~  —2,  which  inspired  the  Markovian  stochastic  models. 

The  shape  of  the  power  spectrum  and  the  Gaussian  fluctuation  distribution  do  not 
rule  out  theoretically  the  existence  of  a  low  dimensional  meteorological  attractor. 
However,  the  embedding  process^  applied  to  our  data  did  not  show  any  saturation  of 
the  correlation  dimensions.  This  observation  completely  agrees  with  the  measurement 
of  Talkner,  Weber,  and  Roser"^,  in  which  they  could  not  find  a  weather  attractor  with 
a  dimension  less  than  10  from  a  longer  temperature  time  series  . 
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Our  conclusions  are  based  on  the  detailed  investigations  of  the  Chicago  Group,  in 
which  they  have  measured  the  local  temperature  fluctuations  in  gaseous  helium  at 
very  wide  parameter  ranges^ The  control  parameter  in  these  experiments  is  the 
dimensionless  Rayleigh  number^  R.  Four  different  domains  in  R  were  observed. 


FIG.  2.  Nusselt  number  versus  Rayleigh  number  measured  in  a  helium  cell,  the  domains 
for  the  various  transitions  are  defined.  [F.  Heslot,  B.  Castaing,  and  A.  Libchaber,  Phys. 
Rev.  A  36,  5870  (1987).] 

In  the  first  domain,  the  onset  of  convection,  the  onset  of  an  oscillatory  instability, 
and  the  onset  of  a  chaotic  state  could  be  easily  identified^.  The  correlation  dimension 
D  of  the  chaotic  state^  was  determined^,  which  was  Z)  «  2  at  the  onset  of  chaos, 
and  increased  rapidly  reaching  a  value  of  Z)  =  4  at  R  -  2  x  10^  The  second  domain 
from  R  =  2.5  X  10^  to  R  =  5  x  10^  was  a  transition  region,  where  the  coherence 
function^  between  the  bolometers  decreased  rapidly  and  finally  disappeared.  The 
third  domain  is  known  as  the  soft  turbulent  regime,  and  the  transition  from  soft  to 
the  so  called  hard  turbulence  occurs  a,t  R  ^  10®,  which  seems  to  be  universal  value. 
The  main  differences  between  hard  and  soft  turbulence  are  the  following:  The  prob¬ 
ability  distribution  function  of  the  local  temperature  fluctuations  in  hard  turbulence 
is  exponential  while  for  soft  turbulence  is  Gaussian.  Moreover,  the  power  spectrum 
of  the  local  temperature  fluctuations  is  streched-exponential  in  soft  turbulence  [Eq. 
(1)],  while  the  low-frequency  range  of  the  power  spectra  clearly  exhibits  a  power  law 
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behavior  with  an  exponent  -7/5  in  hard  turbulence^. 

We  have  performed  a  detailed  comparison  of  the  two  measurement  in  Ref.  [1].  The 
conclusions  are  the  following: 

1.  One  can  estimate  the  characteristic  height  L  of  the  convecting  atmospheric  layer 
using  the  fitted  cutoff  frequency  of  Eq.  (1)  and  known  parameters,  such  as  the 
thermal  diffusivity  and  the  Prandtl  number  of  the  air.  The  result  (L  ^  30  ~  500 
m)  is  in  agreement  with  the  accepted  values  of  the  thickness  of  the  air  layer 
influenced  by  the  daily  cycle  of  temperature  change. 

2.  The  atmospheric  boundary  layer  is  usually  considered  as  a  layer  of  infinite  aspect 
ratio.  We  think  that  this  problem  might  be  resolved  by  observations,  which 
suggest  that  the  vertical  and  horizontal  sizes  of  the  medium  scale  (~  100  —  500 
m)  convective  eddies  are  approximately  equal. 

3-  The  spectral  properties  and  the  probability  distribution  of  the  daily  medium 
temperature  fluctuations  suggest  that  the  atmospheric  boundary  layer  exhibits 
a  soft  turbulent  thermal  convection. 

4.  As  the  soft  turbulent  state  occurs  after  several  transitions  from  chaotic  state, 
connected  with  the  increase  of  the  number  of  effective  degrees  of  freedom,  it  is 
unlikely  that  the  typical  atmospheric  dynamics  exhibits  low  dimensional  chaos. 
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Abstract 

Some  intriging  connections  between  the  properies  of  nonlinear  noise 
driven  systems  and  the  nonlinear  d>mamics  of  a  particular  set  of  Hamil¬ 
ton’s  equation  are  discussed.  A  large  class  of  Fokker-Planck  Equations, 
like  the  Schrodinger  equation,  can  exhibit  a  transition  in  their  spectral 
statistics  as  a  coupling  parameter  is  varied.  This  transition  is  con¬ 
nected  to  the  transition  to  non-integrability  in  the  Hamilton’s  equa¬ 
tions. 

In  this  paper  we  will  be  concerned  with  diffusion  processes  on  0?’^  de¬ 
scribed  by  the  set  of  coupled  stochastic  differential  equations 

dq'{t)  =  ~d'^{q)dt  -h  i  =  1,  (1) 

where  ^(q)  is  a  potential  bounded  from  below,  the  W'{t)  are  uncorrelated 
Wiener  processes,  and  5-  is  a  diffusion  coefficient.  In  this  case  the  evolution 
of  the  probability  density  p(q,  t)  on  is  described  by  the  Fokker-Planck 
equation 

a,/3  =  |Ap  +  V-(pV<I.).  (2) 

Using  the  time  separation  ansatz  /}(q,  t)  =  p(q)e”'^^/^,  we  can  write  Eq.  (2) 
as  an  eigenvalue  equation  Cpx{q)  =  — ApA(q),  where  C  =  -L  4- 
.  V,  After  the  change  of  basis  p(q)  =  e“‘^/^^(q)  we  obtain 

^^A(q)  -  A^/A{q),  (3) 

where  7i  =  — C  -L4>(q),  is  a  Hermitian  Schrodinger  type 

operator  with  the  transformed  potential  4>  ==  — |V^^.  The  problem 

of  solving  Eq.  (2)  has  been  reduced  to  the  problem  defined  by  equation  (3). 
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For  small  g  the  WKB  solutions  of  equation  (3)  are  given  by 

^A(q)  =  X^CalVS'ar^  exp  r-5a(q,  A)')  ,  (4) 

a  \9  J 

where  the  5'a(q,  A)  are  the  solutions  of  the  Hamilton- Jacobi  equation  i(VSa)^-f 
^  -  X.  The  solutions  of  this  equation  are  given  by  the  integrals  Sa{q,  A)  = 

Pa  •  dq  where  the  integration  in  along  the  classical  trajectories  of  Hamil¬ 
ton’s  equations  of  motion 


P 


OH  .  _  OH 
(9q  ’  ^  dp' 


(5) 


with 

w(p,q)  =  jp^  +  $(q).  (6) 

The  time*  reversal  symmetry  of  equations  (5)  with  Hamiltonian  (6)  insures 
that  the  eigenfunction  (4)  are  real  since  the  solutions  of  the  Hamilton-Jacobi 
equation  will  come  in  pairs  ±5a.  The  dynamics  of  (5)  determine  the  solution 
of  (3)  through  (4),  and  the  solutions  of  (2)  are  given  by 


PA(q,  t)  =  exp  (-^  g  (q) •  (7) 

Thus  the  properties  of  the  Fokker-Planck  equation  (2)  are  conhected  to 
the  dynamics  of  the  system  with  Hamiltonian  (6)  in  a  manner  somewhat 
analogous  to  the  relation  of  a  quantum  mechanical  system  to  its  classical 
counterpart. 

One  question  we  might  ask  is  how  the  behavior  of  (2)  is  affected  by  the 
degree  of  chaos  in  the  equations  of  motion  (6).  Such  effects,  in  the  quan¬ 
tum  mechanical  case  ((5)  affecting  (3)),  are  often  referred  to  as  quantum 
chaoSy  which  is  usually  defined  as  the  characteristics  of  quantum  systems 
whose  classical  analogues  exhibit  chaos.  The  statistical  properties  of  the 
eigenvalues  of  such  systems  are  such  characteristics,  and  the  level  spacing 
distribution  P{S)y  giving  the  probability  of  level  separation  S  (measured 
in  units  of  the  local  mean  spacing),  provides  one  such  statistical  property. 
Berry  &  Tabor[l]  have  shown  that  nearly  all  quantum  systems  whose  clas¬ 
sical  analogues  are  integrable  will  have  a  Poisson  level  spacing  distribution 
P{S)  —  exp{~S)y  indicating  the  statistical  independence  of  neighboring  en¬ 
ergy  levels.  On  the  other  hand,  it  is  now  understood  that  the  eigenvalues  of 
systems  whose  classical  analogues  are  chaotic  exhibit  level  repulsion.  That 
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is,  P{S)  0  as  S'  — »•  0.[2l  It  is  expected  that  systems  with  time-reversal  sym¬ 
metry  whose  classical  analogues  are  globally  chaotic  will  have  a  Wigner  level 
spacing  distribution,  P(S)  =  7rS'/2exp(-7rS^/4),  indicating  a  linear  level  re¬ 
pulsion  as  S  — ^  0.|3]  Since  the  eigenvalues  of  the  Fokker-Planck  operator,  £, 
with  potential  are  the  negative  of  the  eigenvalues  of  a  Hamiltonian,  H, 
with  potential  4,  the  spectral  statistics  of  the  Fokker-Planck  equation  (2) 
would  then  be  expected  to  provide  a  signature  of  the  dynamics  of  the  equa¬ 
tions  of  motion  (5).  To  explore  these  ideas  Millonas  and  Reichl|4]  studied  a 
family  of  two-dimensional  Fokker-Planck  equations  with  potentials 

4>e(rr,  y)  =  2a;^  +  -|-  exy{x  -  t/)^.  (8) 

5 

The  system  needed  to  be  at  least  two-dimensional  in  order  to  observe  chaos 
in  equations  (5).  When  e  =  0  the  system  is  completely  integrable,  since  it 
decouples  into  two  one-dimensional  systems.  They  observed  the  transition 
(as  e  is  varied)  in  the  level  spacing  statistics  of  the  Fokker-Planck  operator 
as  the  dynamics  of  equations  (5)  changes  from  completely  integrable  (e  =  0) 
to  almost  globally  chaotic  (e  —  0.14).  Stochastic  chaos  can  then  be  defined, 
at  least  for  the  case  of  diffusion  in  a  time-independent  potential,  as  the 
properties  of  stochastic  systems  described  by  Eq.  (2)  when  the  equations  of 
motion  (5)  exhibit  chaos.  In  particular,  given  a  family  of  potentials  where 
the  dynamics  of  (5)  varies  from  globally  integrable  to  globally  chaotic  as  e 
is  increased,  we  would  expect  the  spectral  spacing  distribution  of  the  A’s 
to  exhibit  a  corresponding  transition  from  Poisson  to  Wigner  level  spacing 
statistics. 

An  entirely  separate  problem  is  the  question  of  the  direct  physical  rel¬ 
evance  of  the  dynamics  of  (5)  to  the  underlying  microscopic  dynamics  as 
described  by  (1).  One  thing  is  clear:  chaos  in  (5)  is  emphatically  not  related 
to  chaos  in  the  dynamics  generated  by  (1)  with  5  =  0,  that  is  q  =  —  V^(q). 
When  there  is  no  noise  the  individual  trajectories  just  follow  the  gradient 
of  the  potential  along  the  route  of  steepest  descent  stopping  at  any  local 
minimum  in  O,  so  what  would  normally  be  considered  the  underlying  mi¬ 
croscopic  dynamics  is  trivial,  and  never  chaotic.  Thus,  there  is  no  simple 
physical  relationship  between  the  dynamics  of  (5)  and  the  dynamics  of  (1). 
A  deeper  analysis  shows  that  eqs.  (5)  are  the  imaginary-time  equations  of 
motion  for  the  most  probable,  or  optimal  trajectories.  These  ideas  can  be 
extended  to  the  case  where  there  is  no  detailed  balance,  but  in  that  case  no 
meaningful  analytic  continuation  of  the  most  probable  trajectories  is  pos¬ 
sible.  There  are  still  however  the  optimal  trajectories  which  obey  a  set  of 
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Hamilton’s  equations  with  Hamiltonian  Ti  ~  l/2(p  —  A)^  +  1/2V  •  A,  where 
A  is  the  nongradient  force  field  which  replaces  — in  Eq.  1  in  the 
case  where  there  is  no  detailed  balance.  The  long-time  behavior  of  systems 
with  or  without  detailed  balance  can  be  calculated  in  the  low-noise  asymp¬ 
totic  limit  from  a  knowledge  of  the  optimal  trajectories  with  energy  A  =  0. 
These  are  the  instanton  trajectories  which  line  on  the  unstable  manifold 
of  the  Hamiltonian  system.  This  manifold  is  smooth  as  a  consequence  of 
the  center  manifold  theorem,  so  chaos  will  not  play  a  role.  However  this 
manifold  may  have  singular  projections  onto  the  configuration  space  in  the 
case  where  detailed  balance  is  broken,  resulting  in  a  rich  nonlinear  behavior 
of  nonequilibrium  stationary  states. |5]  The  most  surprising  result  presented 
here  is  than  even  in  the  case  where  there  is  detailed  balance,  and  the  under¬ 
lying  dynamics  is  completly  integrable,  chaos  will  play  a  role  in  determining 
the  time-dependent  properties  of  such  systems.  It  appears  that  there  is  a 
deep  analogy  between  quantum  dynamics  and  stochastic  dynamics  through 
their  relationship  to  the  properties  of  these  conservative  dynamical  systems. 
This  connection,  once  made,  opens  up  the  study  of  stochastic  processes  to 
a  whole  range  of  new  tools  and  concepts. 
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ABSTRACT 

The  general  results  pertaining  to  chaotic  and  regular  motions  in  a  class  of 
systems  termed  quasilinear  oscillators  that  are  described  by  weakly  nonlinear 
Duffing- type  equations  with  multifrequency  external  forces  are  presented.  The  case 
of  primary  resonance  is  studied  in  detail,  and  the  external  signal  was  chosen  to  have 
the  form  of  two-frequency  oscillation.  Various  bifurcation  phenomena  are  detected 
and  traced,  including  homoclinic  bifurcations,  period  doubling  sequences, 
intermittency,  attractor  crises,  hysteretic  effects,  etc. 

INTRODUCTION 

A  wealth  of  complicated  features  have  been  recently  discovered  in  simple,  but 
rather  universal,  mathematical  models,  like  nonlinear  oscillators  with  harmonic  and 
quasiperiodic  forcing.  The  possibility  of  coexisting  of  several  attractors,  both 
regular  and  chaotic,  in  the  phase  space  of  these  systems  makes  especially  attractive 
their  investigation,  because  of  feasibility  to  provide  the  new  type  of  switching 
devices  exploiting  the  multistability  properties  of  nonlinear  elements. 

MULTISTABILITY  AND  MANIFOLDS 


The  following  equation  has  been  proven  to  be  the  adequate  mathematical 
model  of  many  physical  systems 


d^x  (  dx 

— -  +  CO  qX  -  8  Fj  cos(co  it)  +  F2  cos(co  2t)  “25 - yx^ 

dt  V  dt 


(1) 


.  The  behavior  of  its  solutions  under  single  frequency  excitation  can  be  chaotic  at 
rather  large  values  of  external  force  magnitude.  However,  it  has  been  shown 
recently*'^  that  two-frequency  excitation  of  such  system  may  result  in  considerable 
lowering  of  chaos  onset.  Following  the  well-known  scheme  of  averaging  procedure 


we  put  X  =  Ucos(c0it)-i- Vsin(c0it)  and  obtain  the  system  of  averaged  equations  that 
permits  to  investigate  in  detail  the  solutions  in  the  vicinity  of  different  resonances. 
The  case  of  principal  resonance  is  investigated  in  the  present  report.  Here  we  have 
in  the  limit  e  <  <  1 


—  ==  -6U  +  [a  +  p(u^  +  V^)l  +  P2  sin(nx)  (2a) 

dt  ^  ^ 
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—  =  -5V  -  [a  +  p(u^  +  V^)]  +  P,  +  Pj  cos(nt) 


where 

n  =  ((»j-co,)/E;  A  =  (cd„-o),)/8;  T  =  et;  P=3y/(8o),);  I>  =  F,/(2co,);  Pj  =  Fj/(2co,) 
At  p2  =  0  (one  frequency  excitation)  in  the  certain  region  of  parameters  A 
and  P|  in  the  phase  space  exist  three  equilibrium  positions  -  two  foci  and  a  saddle 

(herefrom  we  shall 
call  them  primary). 

6  -  When  P2  becomes 

5  5  2  3  non  vanishing  the 

2  ■  \\  /  '\/'  /  /  '  ^  _ curvei  situation  depicted  in 

i  ^  ^  -  Curve  2  Fig.l  takes  place. 

-2  '  \y  . - Here,  in  the  area 

^  \  - restricted  by  Curve 

-6  ■  /  /  \  1  two  attractors 

/  /X  appear  in  the 

^x\  .  Curve?  .  .  .  ^  ^ 

“10  ■  /  /  \  -  vicinity  of  the  focus 

/  corresponding  to  the 

-14  ■*  '  '  '  lower  branch  of 

0  4  8  12  16  response  curved 

Q  Alongside  with  them 

the  attractor  corres- 

Fig.l.  Phase  diagram  for  system  (2).  Curve  1-  ponding  to  the  upper 

boundary  of  multistability  area;  2,4-first  period-  branch  of  the 

doubling;  5,3-second  period-doubling;  6-boundary  of  response  curve 

bistability  area;  7-homoclinic  bifurcation  (Melnikov  exists.  Chaotic 

criterion,  eq. (3)).  ^i=201g(P2  /  Pi).  attractors  arise  in¬ 

dependently  in  the 
vicinity  of  the  foci  through 
^ period  doubling  bifurcations 

(Curves  4,3  and  2,5)  and 

may  coexist.  Such  situation 

^  ^A2  S3  occurs,  for  example,  at 

/  5  =  1,  P=-1.54,  A  =  15.05, 

Y  /  S4  p=-2.8,  Pi=3.75,  Q  =  8.4, 

and  the  cross-section  of 

0  *  A1  corresponding  attractors  (two 

- - - - - - -  chaotic  -  A2,  A3,  and 

-2  0  2 

periodic  -  Al)  is  shown  in 
U  Fig.2. 

Fig. 2.  Poincare  cross-section  for  system  (2).  It  was  recently 

A1-A3  -  coexisting  attractors,  S1-S4  -  period-  shown^’^  that  chaos  onset  in 

one  saddle  points.  this  system  can  be  derived 


Fig.l.  Phase  diagram  for  system  (2).  Curve  1- 
boundary  of  multistability  area;  2,4-first  period¬ 
doubling;  5,3-second  period-doubling;  6-boundary  of 
bistability  area;  7-homoclinic  bifurcation  (Melnikov 
criterion,  eq.(3)).  |ii=201g(P2  /  Pi). 


response 

exists. 


A3 

A2  S3 


Fig.2.  Poincare  cross-section  for  system  (2). 
A1-A3  -  coexisting  attractors,  S1-S4  -  period- 
one  saddle  points. 
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analytically  by  means  of  Melnikov’s  method  through  detecting  the  parameter  values 
at  which  the  manifolds  of  the  perturbed  primary  saddle  point  intersect  transversely 
(curve  7  in  Fig.l). 

However,  it  should  be  noted  that  chaos  occurs  at  much  less  values  of  P2  than 


Fig.  3.  Unstable  manifolds  of  periodic  unstable  orbits  SI  (a)  and  S2(b). 

can  be  expected  from  the  Melnikov  criterion.  The  corresponding  saddle  orbit 
intersects  the  plane  of  Fig. 2  at  the  point  S3,  and  it  is  clear  that  the  homoclinic 
structure  associated  with  it  is  not  attracting.  The  saddle  points  SI  and  S2  correspond 
to  the  period  one  orbits  that  lost  their  stability  at  Curves  2  and  4  of  Fig.l,  i.e.,  at 
period  doublings.  So,  these  new  period-one  saddle  points  play  the  principal  role  in 
dynamics  of  the  system. 

Moreover,  the  strange  attractors  A2  and  A3  exist  in  the  very  narrow  band  in 
Q-p  plane,  adjacent  to  period-doublings.  Both  chaotic  attractors  undergo  the  crisis, 
caused  by  the  extremely  complicated  structure  of  the  phase  space.  The  numerical 
experiments  indicate  that  the  unstable  manifolds  of  periodic  orbits  SI  and  S2 
coinciding  with  the  two  chaotic  attractors  shown  in  Fig. 2  demonstrate  the  sudden 


u  u 

Fig. 4.  Stable  (dotted  line)  and  unstable  (solid  line)  manifolds  of  unstable  orbits 
S3(a)  and  S4(b) 

transition  and  at  Q=8.25  and  look  like  those  depicted  in  Fig. 3.  In  order  to 
illustrate  the  structure  of  the  phase  space,  the  stable  and  unstable  manifolds  of 
saddle  orbits  S3  and  S4  are  also  given  in  Fig. 4.  The  fine  fractal  structure  of  basin 
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boundaries  of 
different  attractors 
makes  the  system  in 
hand  extremely 
sensitive  to  the 
influence  of  noise 
and  can  completely 
deteriorate  the 
stability  of  strange 
attractors.  It 

becomes  evident  by 
decreasing  the 
dissipation  parame¬ 
ter  5,  when  both 
strange  attractors 
are  being  dest¬ 
royed.  This  situa¬ 
tion  is  depicted  in 
of  chaotic  oscillations.  Below 


8  ^ ^ 

-1  -0,5 

a 

Fig. 5.  Phase  plane  of  system  (2)  at  the  same  parameter 
values  as  Fig.l.  Curve  l-first  period  doubling,  2-second 
period  doubling,  3-strange  attractor  appearance,  4-chaos 
collapse. 

Fig. 5  where  the  solid  heavy  line  denotes  the  collapse 
this  line  only  periodic  attractor  exists. 

CONCLUSION 


1 

2 

3 

4 


It  has  been  demonstrated  that  the  new  saddle  orbits,  arising  at  non  zero  values 
of  external  force,  can  play  a  crucial  role  in  the  dynamics  of  a  weakly  nonlinear 
oscillator.  The  intersection  of  their  manifolds  may  lead  to  the  formation  of  strange 
attractors  at  considerably  lower  levels  of  excitation  than  can  be  expected  on  the 
basis  of  Melnikov  criterion.  It  has  been  shown  that  the  decrease  in  dissipation  may 
lead  to  collapse  of  strange  attractors,  making  the  system  extremely  sensitive  to  the 
influense  of  noise,  when  the  very  small  fluctuation  may  cause  the  switching  from 
chaotic  ro  regular  oscillations. 
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ABSTRACT 

The  results  of  theoretical  and  experimental  studies  are  summarized  of  the 
dynamical  chaos  effect  on  the  microwave  circuits  field  behavior.  We  discovered 
the  possible  existence  of  numerous  chaotic  states  in  weakly  nonlinear  single-  and 
coupled-mode  systems  under  quasilinear  excitation  conditions  being  dominant 
for  many  practical  cases.  It  is  shown  that  chaos  may  produce  strong  influence 
on  the  circuit  dynamics,  their  stability  and  output  noise  level.  These  results  are 
illustrated  by  a  stability  analysis  of  the  parametric  amplifiers  and  superconducting 
quantum  interferometers  (SQUIDs).  The  conditions  and  mechanisms  of  chaos 
arising,  the  properties  of  excited  oscillations  are  discussed. 

INTRODUCTION 

The  study  of  dynamical  chaos  was  carried  out  for  a  long  period  without 
separate  consideration  of  the  weakly  nonlinear  systems.  It  was  apparently  so  due 
to  an  opinion  that  the  chaotic  behavior  was  principally  nonlinear  phenomenon 
demanding  the  strong  nonlinearity  to  be  arised.  For  the  most  practical  microwave 
devices  and  circuits  this  condition  fails  to  occur  and,  therefore,  the  chaos  onset 
is  supposed  to  be  not  typical  for  this  case.  However,  the  recent  results  [1-3]  have 
shown  that,  in  fact,  chaotic  oscillations  can  arise  under  quasilinear  excitation 
condition  as  well  and,  thus,  can  define  the  stability,  output  noise  level,  sensitivity 
of  the  devices  to  a  great  extent. 

We  have  found  that  the  weakly  nonlinear  physical  systems  are  characterized  by 
specific  conditions  and  scenario  of  the  chaotic  motion  onset.  As  it  turned  out,  the 
chaotic  instabilities  can  appear  if,  firstly,  a  n-dimensional  torus  with  n>2  exists  in 
phase  space  of  a  physical  system  and,  secondly,  if  nonisochronizm  of  oscillations 
goes  over  some  critical  value.  Only  under  these  conditions  chaotic  oscillations 
can  arise  in  the  weakly  nonlinear  limit.  The  transition  to  chaos  is  always  condi¬ 
tioned  by  destruction  of  tori.  Various  analytical  approaches  such  as  the  averaging 
method,  the  Melnikov’s  method,  and  the  current  Lyapunov  exponents  technique 
[4,5]  were  applied  in  order  to  find  the  analytical  conditions  of  tori  bifurcations 
and  chaotic  states  arising. 

The  developed  theory  was  applied  to  the  problem  of  stability  of  microwave 
circuits  and  devices.  We  have  revised  the  main  classical  results  concerning  field 
behavior  in  single-  and  two-mode  oscillators  [5],  amplifiers  [6],  parametric  oscilla¬ 
tors  and  amplifiers  [1,7].  We  have  found  that  most  of  these  devices  exhibit  chaotic 
oscillations  in  some  regions  of  control  parameters.  The  theoretical  studies  were 
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carried  out  simultaneously  with  the  experiments  on  investigation  of  the  above- 
mentioned  devices  in  different  wavelength  bands  (from  meter  to  millimeter).  The 
qualitative  and  quantitative  relationship  between  theoretical  and  experimental 
results  have  been  revealed.  The  present  paper  describes  the  results  of  the  inves¬ 
tigation  of  two  types  of  devices;  parametric  amplifiers  and  SQUIDs. 

PARAMETRIC  AMPLIFIERS 

A  variety  of  microwave  and  optical  devices  fall  into  a  class  of  parametric 
amplifiers  wherein  a  signal  amplification  is  due  to  a  time  modulation  of  some 
nonlinear  reactance.  These  amplifiers,  as  it  follows  from  the  conventional  theory 
of  parametric  devices,  provide  low  noise  amplification  because  they  consist  of  an 
entirely  reactive  circuit  and  they  utilize  an  ac  power  supply.  At  the  same  time, 
there  are  a  lot  of  experimental  evidences  that  parametric  amplifiers  possess  low 
stability  and  their  output  noise  level  is  in  some  cases  much  more  higher  compared 
with  the  theoretical  expectations.  We  have  found  that  the  chaotic  instabilities 
may  give  rise  to  such  behavior.  It  is  of  great  interest  that  exactly  the  reactive 
nature  of  the  device  and  the  application  of  the  pumping  oscillation  are  the  main 
factors  responsible  for  the  unstable  oparation  of  the  amplifiers. 

The  dynamics  of  oscillations  of  parametric  amplifiers  is  adeduately  described 
within  a  scope  of  some  universal  mathematical  models.  For  single-mode  amplifiers 
the  equations  used  can  be  reduced  to  the  following  system  of  averaged  equations 
for  the  slowly  varying  amplitude  a  and  phase  ip 

da/dt  —  —ao  +  m  sin{2p)  +  P  sin[p  —  fit) 

(1) 

a{dp/dt)  =  A  -f-  +  m  cos{2p)  —  (P/a)  cos{p  —  fit) 

where  Qq  is  the  damping  coefficient,  /?  is  the  nonlinearity  parameter  (nonisochro- 
nizm  of  oscillation),  A  =  w  —  cuo,  H  =  —  a;,  a;o  is  the  natural  frequency  of  the 

resonant  circuit,  P  and  ujs  are  the  amplitude  and  frequency  of  the  signal  wave, 
m  and  2lo  are  the  amplitude  and  frequency  of  pumping.  This  system  permits 
to  study  the  bifurcations  of  the  two-dimensional  tori  of  the  the  original  physical 
system  via  studying  bifurcations  of  the  periodic  orbit  of  the  averaged  equations. 
It  is  to  be  noted  that  when  the  external  signal  vanishes  (P  =  0)  the  system  (1) 
exhibits  only  regular  behavior. 

In  order  to  find  the  analytical  conditions  of  chaos  arising  the  Melnikov  method 
was  used.  To  apply  this  method  to  the  system  (2)  we  made  use  of  the  fact  that 
at  ao  =  P  ~  0  the  closed  separatrix  loop  exists  in  the  phase  space  of  the  system 
[7].  The  results  consist  in  the  following  condition  defining  the  region  in  control 
parameters  space  where  chaos  may  arise 

P \/l^  ^  2y/rn  [\/m?  —  A^  —  Aarccos(A/m)]c/i(7rn/2\/m^  —  A^) 

^0  ttO  exp[flarccos{/\lm)l2\/m?‘  —  A^) 


(2) 
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Proceeding  from  this  condition  and  from  the  results  of  numerical  and  experimen¬ 
tal  studies  we  may  conclude: 

1. The  chaotic  oscilation  excitation  in  the  weakly  nonlinear  mode  of  amplifier  opa- 
ration  results  solely  from  the  pumping  oscillation  interaction  with  the  signal  to 
be  amplified. 

2.  The  instability  threshold  with  respect  to  the  signal  amplitude  Pth  is  much  more 
lower  compared  wuth  other  types  of  amplifiers  (say,  transistor  ones). 

3.  The  increase  in  both  the  nonisochronizm  of  oscillations  and  the  quality  factor 
of  the  resonant  circuit  leads  to  a  lowering  of  the  stochastic  instability  threshold. 

4.  The  regions  in  control  parameters  space  with  chaotic  behavior  occur  intermit¬ 
tently  with  the  regions  of  the  regular  behavior. 

5.  The  characteristic  feature  consists  of  the  fact  that  several  (more  than  two)  differ¬ 
ent  attractors  can  exist  simultaneously  in  the  phase  space  of  the  such  system,  and 
hence,  this  system  is  multistable  one.  We  observed  up  to  five  attractors  (regular 
and  chaotic)  existed  simultaneously. 

SUPERCONDUCTING  QUANTUM  INTERFEROMETERS 

We  examined  the  one-contact  SQUID  which  consists  of  the  high-quality  circuit 
inductively  coupled  with  a  superconducting  ring  [8].  The  circuit  is  excited  by  an 
external  HF  pumping  oscillator.  Such  SQUIDs  attract  constant  attention  due  to 
a  possibility  of  achieving  sensitivity  approaching  the  Planck  limit.  However,  the 
expected  high-sensitivity  level  has  not  been  reached  in  practice.  We  have  shown 
that  the  stochastic  instability  arising  in  the  weakly  nonlinear  limit  can  set  a  limit 
on  the  sensitivity  of  SQUIDs  [10]. 

The  adequate  description  of  the  SQUID  dynamics  appears  to  be  possible  within 
the  framework  of  the  following  averaging  equations  for  the  amplitude  a  and  phase 
7  in  the  resonant  circuit  [8] 


dajdr  =  —a  —  b  sin  7 

a[d'^ jdr)  —  —  Aa  +  RJi{a)  cos  (j)e  —  b  cos  7 


(3) 


Here  the  following  dimensionless  parameters  are  used,  b  is  pumping  amplitude, 
A  =  (w  —  loq)2Q juj  is  the  pumping  frequency  shift,  r  =  tLol2Q,  R  —  2k'^QL  > 
1,  is  the  coupling  coefficient  of  the  tuned  circuit  with  the  superconducting  ring, 
Q  ^  1,  is  the  Q-factor  of  the  resonant  circuit,  L  is  the  ring  inductance,  Ji{a)  is 
the  first-order  Bessel  function. 

In  a  contrast  to  solutions  of  the  system  (3)  considered  earlier  we  have  taken 
into  account  the  slow  time  variation  of  the  external  magnetic  flux  (po  which  looks 
like  [9] 

=  <Po  +  cos  fir  (4) 

where  do  and  di  are  the  constant  and  alternating  flux  component,  Q  is  the  di¬ 
mensionless  frequency. 
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The  results  of  investigations  indicate  that  the  chaotic  instability  manifests 
itself  even  in  the  case  of  adiabatic,  equilibrium  and  nonhysteristic  processes  in 
superconducting  interferometer  closed  by  a  weak  link.  Such  a  mode  of  SQUID 
operation  was  being  considered  as  the  most  promising  one  for  the  achievement 
of  the  magnetometer  high-sensitivity  levels.  There  are  two  main  causes  of  the 
chaotic  oscillations  arising.  The  first  one  is  the  finite  variation  speed  of  magnetic 
flux  (signal  measured  or  bias  flux).  The  chaotic  instability  appears  if  D  >  1.  The 
second  cause  is  that  the  superconducting  interferometer  induces  the  reactive  non¬ 
linearity  in  a  SQUID  circuit.  The  chaos  arising  has  the  following  threshold  by  the 
nonlinearity  parameter  R  and  the  amplitude  of  pumping  b:  Rth  —  4;  htu  —  L25. 
The  results  obtained  allow  to  assume  that  limited  SQUID  sensitivity  observed  in 
some  experiments  with  10  may  be  explained  by  the  appearance  of  chaotic 
instability.  The  analysis  has  shown  that  avoiding  of  chaos  and  retaining  the  high 
sensitivity  level  requires  the  adequate  value  of  R  over  the  interval  1  <  i?  <  4  to 
be  chosen. 

CONCLUSION 

The  theoretical  and  experimental  results  support  the  viewpoint  that  dynamical 
chaos  can  significantly  influence  the  stability  and  output  noise  level  of  microwave 
devices.  The  two  main  factors  are  responsible  for  the  initiation  of  the  chaotic 
instabilities:  firstly,  the  reactive  nonlinearity  of  the  majority  of  real  microwave 
devices  and,  secondly,  the  interaction  of  several  independent  frequencies  excited 
in  a  circuit.  The  principal  result  is  that  the  real  spectrum  of  signals  must  be 
taken  into  account  when  analysing  the  circuits  stability.  This  is  due  to  the  fact 
that  systems  exhibiting  only  regular  behavior  under  the  harmonic  excitation  can 
acquire  a  lot  of  chaotic  states  when  the  external  force  turns,  for  example,  to  a 
quasiperiodic  one. 
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NATUEE  OF  THE  BULK  1/f  NOISE  IN  GaAs  AND  Si 
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194021  Russia 

ABSTRACT 

It  is  demonstrated,  that  the  bulk  1/f  noise  in  semi¬ 
conductors  can  appear  as  a  result  of  fluctuations  of  the 
occupancy  of  levels  formed  den sity-of- states  tail  near  the 
band  edge.  It  is  shown  that  in  pure  Si  with  value  of  Hooge 

parameter  ^—10  -10  and  n— GaAs  with  <^^=10  -10  the 

nature  of  1/f  bulk  noise  is  determined  by  this  mechanism. 
Phenomenological  model  of  the  bulk  1/f  noise  in  semicon¬ 
ductors  is  developed.  This  model  explained  well  all  main 
experimental  data.  The  model  predicts  some  new  physical 
effects.  All  these  effects  have  been  observed  experimenta¬ 
lly. 


INTRODUCTION 

The  1/f  noise  (flicker  noise)  is  observed  for  enormous 
number  of  a  great  variety  of  objects  and  physical  systems. 
For  the  majority  of  the  investigated  objects  the  nature  of 
the  1/f  noise  is  not  known  even  qualitatively.  However  the 
last  decade  has  seen  considerable  progress  in  studies  of 
the  1/f  noise  in  semiconductors. The  most  physical  proce¬ 
sses  used  to  account  for  the  1/f  noise  are  related  to  the 
presence  of  various  imperfections  in  the  crystal  lattice, 
such  as  impurities,  structure  defects,  stresses,  etc. 
Direct  experimental  evidence  has  recently  been  published 
to  show  that  the  level  of  the  1/f  noise  is  related  to  the 

El-3  3 

number  of  defects  in  metals  and  semiconductors 

In  this  report  we  present  the  results  of  1/f  noise 

-4 

investigations  in  Si  and  GaAs  with  Hooge  parameter  ‘^{^10 
(this  values  are  typical  for  good  quality  material  used  in 
modern  semiconductor  electronics) .  The  model  of  bulk  1/f 
noise  in  semiconductors  is  proposed.  This  model  predicts 
the  existence  of  several  new  physical  effects,  connected 
with  the  same  mechanism  which  provides  the  volume  1/f 
noise  in  semiconductors.  These  effects  are;  a  nonmonotonic 
dependence  of  the  1/f  noise  on  the  intensity  of  illumina¬ 
tion,  a  new  mechanism  of  a  persistent  photoconductivity, 
an  increase  of  the  1/f  noise  on  deterioration  of  the 
structural  quality  of  a  material  and  retention  of  the  mec¬ 
hanism  of  formation  of  the  1/f  noise.  All  these  effects 

[43 

have  been  observed  experimentally 
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INFLUENCE  OF  THE  BAND-TO-BAND  LIGHT  ON  1/f  NOISE  IN  GaAs^' 


A  key  experiment  allowed  to  explain  the  nature  of  1/f 
noise  in  GaAs  looks  rather  simple.  In  Fig.l  the  frequency 

dependencies  of  the  relative  spectral  density  of  noise 
2 

Sj/I  are  shown  .  At  room  temperature  (Fig.l.b)  S  /I^ 


S/l*  dB/H^ 


\  130  K 


10^  10"  10^  10" 


Fis . 1 . F requency  dependenc ie  s  of 


At  room  temperature  (Fig.l,b)  S^/I 

dependence  (solid  cur- 
ve)  has  a  form  of  1/f 
^  ^  noise.  Hooge  parameter 

SllIK 

^  with  light  of  intensi- 

\\  ■  f  reducing  the  resis- 

_ ^ tivity  by  just  0.1-1% 

10^  10^  reduced  considerably 

the  noise  at  low  freq- 
sndencies  of  uencies  and  increased 

ratures  in  significantly  the  noi- 


Sj/I  at  three  temperatures  in  significantly  the  noi- 

darkness  (continuous  curves)  and  se  at  relatively  high 
during  illumination  (dashed  curves) . frequencies , At  low  te¬ 
mperature  (Fig.l, a) 
illumination  increases  the  noise  level  in  all  frequency 
range.  At  high  temperature  (Fig.l,c)  illumination  does  not 
affect  the  noise. This  effect  was  observed  for  GaAs  with 

donor  concentration  N,:=10^^cm"^  and  N,=  10^"cm~^ 

a  d 

Such  kind  of  illumination  effect  on  noise  level  one 
could  easily  explain  for  generation- recombination  (GR) 
noise  of  local  level  E^ .  It  is  well  known  that  the  noise 

value  Sj  for  GR  noise  is  determined  by  the  electron  occup¬ 
ancy  F  of  the  local  level:  S^~F^(1-F).  When  the  Fermi 
level  lies  well  below  E^^  then  this  level  is  practically 

empty  in  darkness.  Therefore,  the  appearance  of  holes  as  a 
result  of  illumination  has  no  effect  on  the  occupancy  F  of 
the  level  E^^.  In  this  case,  illumination  cannot  influence 


the  noise  level  (Fig.l,c).  If  the  Fermi  level  lies  well 
above  E^  this  deep  level  is  practically  completely  filled 

with  electrons  ((1-F)«1)  and  the  noise  is  weak.  The  holes 
created  by  illumination  are  captured  by  the  level  E^.  The 

F  value  is  decreased.  The  noise  should  therefore  grow.  If 
the  Fermi  level  lies  somewhat  higher  and  the  noise  is 

close  to  its  maximum  (this  occur  if  the  occupancy  is 
F-2/3),  the  appearance  of  holes  alters  the  occupancy  and 
can  weaken  the  noise  under  illumination. 

The  feasibility  of  providing  such  a  simple  qualitative 
explanation  allows  to  suggest  that  1/f  noise  observed  in 
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GaAs  is  a  superposition  of  generation— recombination  proce¬ 
sses  due  to  the  presence  of  closely  spaced  levels  or  a  re¬ 
gion  with  a  continuous  spectrum  of  levels^^\  All  experi¬ 
mental  data  can  be  explained  if  one  supposes  that  this  re¬ 
gion  is  density-of -states  tail  in  the  band  gap. 

MODEL  OF  THE  BULK  1/f  NOISE  IN  SEMICONDUCTORS 


Figure  2  shows  a  gualitative  depe¬ 
ndence  of  the  density  of  states  P(E) 
describing  the  situation  under  consi¬ 
deration.  A  shallow  donor  level  E  is 

d 

ionized  completely  at  the  measurement 
temperature,  so  that  the  free-carrier 
density  is  n^=N,,  the  Fermi  level  E 

O  d  jr 


Fig . 2 - Density-of- 
states  tail- 


1  ies  below  E 

d 

In  accordance  with  the  model, 
which  postulates  multiphonon  capture, 
the  time  constant  t(E)  representing 
relaxation  of  the  occupancy  of  the 
levels  is: 


where  E~  energy,  F-  occupancy  of  a  level  with  energy 
is  the  capture  time  constant  of  the  levels  at  E=0. 

'The  density-of-states  tail  falls  exponentially  with 
depth  in  the  band  gap: 

P(E)=p(0)exp(-E/E^) .  (2) 

Then,  the  relative  spectral  density  of  fluctuations  of 
the  carrier  density  is: 


4N.  [F  (l-F)T_^_.exp(E/E  -E/E.)dE 


2  2 
n  VN 

D  d 


l+«^(T_^_^exp(E/E, ) 


where  N  is  the  total  density  of  levels  in  the  tail. 


If  ^nd  E^«f<T  the  freguency  dependence  of  the 

spectral  density  of  the  noise  is  of  the  1/f  form.  The 
Hooge  parameter  a  is; 


where  N 


a=N^/N^, 

is  the  total  number  of  states  in  the  tail  bel( 


Fermi  level. 
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NONMONOTONIC  DEPENDENCE  OF  THE  1/f  NOISE  ON  THE 
ILLUMINATION  INTENSITY  (GaAs)^^^ 


Fig . 3- Theoretical  (a)  and 
experimental  (b)  dependencies 

of  the  S^/I^  on  the  intensity 
of  illumination 


In  Fig. 3a  the  cal¬ 
culated  according  the 
model  dependencies  of 
2 

S^/I  on  intensity  of 

illumination  are  shown 
(the  value  of  is  pro¬ 
portional  to  intensity 
of  illumination).  One 
can  see  that  for  any 
frequency  f  these  depe¬ 
ndencies  are  nonmonoto¬ 
nic.  The  more  is  f  the 
higher  is  illumination 
level  providing  a  maxi¬ 
mal  noise  level.  In 
Fig. 3b  the  experimental 
curves  are  shown.  Good 

''agreement  between  the 
results  of  calculations 
based  on  this  model 
with  the  reported  expe¬ 
rimental  data  is  in  our 

opinion  a  serious  evi¬ 
dence  in  support  of  the 
proposed  model . 


NEW  MECHANISM  OF  LONG-TERM  RELAXATION  OF  THE 
PHOTOCONDUCT  I V I T 


Fig , 4. Kinetics  of  the  photocon¬ 
ductivity  decay  excited  with  a 
GaAs  laser  (inset)  and  with 
light  from  an  incandescent  lamp 


It  easy  to  see  that 
from  the  proposed  1/f 
noise  mechanism  follows  a 
new  mechanism  of  long¬ 
term  photoconductivity. 
This  mechanism  is  deter¬ 
mined  by  the  capture  of 
excess  nonequi 1 imbr ium 
electrons  on  the  levels 
of  the  tail.  Because 
there  are  an  extremely 
wide  range  of  the  capture 
time  T,  the  model  pre¬ 
dicts  the  existence  of 
conductivity  relaxation 
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with  a  very  wide  range  of  the  time  constants, 

Jn  Fig -4  the  dependence  of  photoconductivity  versus 
time  is  shown  for  GaAs  at  300K-  One  can  see  a  wide  range 

-7  -1 

of  time  constants  from  T=10  s  up  to  t  =  10  s- 

It  was  shown  experimentally  that  this  type  of  photo¬ 
conductivity  is  practically  insensitive  to  the  electric 

field  F  and  temperature  T,  It  allows  to  distinguish  this 
mechanism  from  two  well  known  persistent  conductivity 

rii  ] 

mechanisms:  barrier  mechanism  and  recombination 

[123 

mechanism  via  trapping  levels 

THE  CONNECTION  BETWEEN  1/f  NOISE  VALUE  AND  STRUCTURAL 
QUALITY  OF  THE  MATER  I AL^^^^ 


In  Fig, 5  the  freguency 


-no 

-130 

-150 


S:/I%  dB/Hi 


V 


dependencies  of  S^/I  are 

shown  at  different  levels  of 
GaAs  damages.  Structural 
defects  were  induced  in  GaAs 
by  uniaxial  stress-  Irrever¬ 
sible  changes  of  the  sample 
resistance  R/R^  were  used  as  a 

measure  of  the  crystal  damage 
of  the  structure - 

It  should  be  pointed  out 
that  no  changes  in  the  mobili¬ 
ty  measured  either  at  77K  or 
at  300K  was  observed  even  in 
samples  with  R/R^=2-4  (curve 


Fig  -  5-Relative  spectral 
density  of  the  noise  in 
samples  with  different 
degree  of  damage, R/R^: 


6,  Fig-5),  At  the  same  time 
the  1/f  level  have  been  incre¬ 
ased  for  R/R^=2.4  in  100  times 
2 

(at  f=10  Hz)-  So  one  can  see 


1-1 ; 2-1 - 09 ; 3-1 - 1 5 ; 4-1 - 68; 
5-2-13;6-2.4- 


that  1/f  noise  is  very  sensi¬ 
tive  to  the  destructive  damage. 


The  influence  of  illumination  and  temperature  on  the 
noise  spectrum  in  samples  with  induced  defects  was  similar 
to  that  in  initial  samples  with  high  guality  crystal  stru- 

[14-3 

cture  ,  The  results  obtained  show  that  in  GaAs  with 
and  without  induced  structural  defects  the  origin  of  1/f 
noise  is  the  same, 

1/f  NOISE  IN  Si 


The  1/f  noise  has  been  investigated  in  n—  type  Si 
grown  by  the  floating  zone  method  and  in  similar,  in  res¬ 
pect  of  the  electrical  and  noise  parameters.  Si  samples 
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prepared  by  the  neutron -transmutation  doping  method 

(N^-(  1-2)  lO^^cm  ^)  .  It  was  found  that  the  surface  1/f 

noise  predominated  at  room  temperature  over  the  bulk  noise 

in  the  case  of  sample  with  <^-2  10  However,  cooling 
changes  this  situation.  In  the  temperature  range  100K-15QK 
the  bulk  1/f  noise  predominated  over  the  surface  contribu¬ 
tion.  In  Si  samples  at  100K-150K  we  have  observed  all 
effects  which  we  revealed  in  GaAs:  nonmonotonic  dependence 

of  the  1/f  noise  on  the  illxiroination  intensity  ,  slow 

relaxation  of  the  photoconductivity  ^  increase  of  the 
noise  level  as  a  result  of  deterioration  of  the  structural 
quality,  which  does  not  alters  the  mecht...  ism  of  the  1/f 

Uci3 

noise 
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ABSTRACT 

A  nonlinear  partial  differential  equation  has  been  approximated  by  a  set  of  dif¬ 
ference  equations  and  analysed  in  detail.  Several  solutions  have  been  determined  in 
simulation  experiments  for  different  excitations  and  parameter  values.  For  special  pa¬ 
rameter  configurations  we  found  a  power  spectra  close  to  j-noise. 

INTRODUCTION 

In  a  previous  paper  we  have  studied  the  homogenous  solution  of  the  Burgers 
equation  in  detail.  The  inhomogenous  solution  showed  ^-spectra  with  m  >  1.4  by 
taking  white  Gaussian  noise  (WGN)  for  the  excitation  force  and  different  values  of  the 
parameter  R, 

In  this  paper  the  dynamical  behaviour  of  the  solution  is  analysed  for  various  excitation 
forces.  Therefore  we  have  implemented  the  simulation  system  on  a  new  computer  sys¬ 
tem  in  order  to  obtain  a  higher  frequency  resolution. 


SIMULATION  AND  RESULTS 

As  outlined  in  the  density  n{x^t)  of  moving  objects  is  determined  by  the 
Burgers  equation 


dn{x^  t) 
dt 


1  d'^n{x^t) 
R  dx^ 


+ 


n{x,t) 


dn{x^  t) 
dx 


(1) 


Since  solutions  of  the  inhomogenous  Burgers  equation  can  only  be  found  numerically, 
we  have  approximated  Eq.(l)  by  the  set  of  difference  equations 


{njj+i  -  Ujj) 

At 


,^1+1  j  -}-  nt_ij) 


2Ax 


(2) 


i  =  0,l,...,A;  ;  i  =  0,l, 


and  implemented  on  our  computer  system. 

For  three  different  excitations  Tk{iJ)  ,  which  are  given  in  Tab.  1,  the  solution  njj  and 
its  power  spectra  were  determined  numerically. 
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Table  1  :  Excitation  forces 


k 

1 

A  •  sin(i  -A  X  +  j  -/o  •  A  t) 

» j— 1)2,3  ... 

2 

WGN 

,j=l)2,3  ... 

with  variance  o-  =  .1,  .001,  .0001  and  mean  /i  =  0 

3 

WGN 

,  j=l,250,500  ... 

with  variance  a  =  .001  and  mean  /z  =  0 

In  all  these  cases  we  measured  yh—spectra  with  m  <  2.  Figs.  1  and  2  show 
typical  results  for  In  this  case  the  density  n^j  is  a  nearly  periodical  function 

with  small  amplitude  fluctuations.  We  obtain  a  power  spectrum  with  slope  m  =  ~2 
over  a  wide  range  of  frequency  for  aU  taken  parameter  configurations.  The  measured 
power  spectrum  in  Fig.  2  shows  a  distinct  peak  at  the  frequency  /o  =  5.5  kHz. 


0.0002  0.0004  0.0006  0.0008  0.001 

j  -A  t 

Figure  1  :  Time  signal  for  at  a;  =  0 


Figure  2  :  Measured  power  spectrum  S(f)  for  at  a:  =  0 


K.  Anton  et  al  601 


For  the  stochastic  excitation  ^2{hj)  illustrated  by  Fig.  3  power  spectra  with 
slopes  between  m  ~  -1.23  and  m  =  -1.41  over  6  decades  of  frequency  were  found. 
From  Fig.  4  can  be  seen  that  the  slope  m  of  the  power  spectrum  S{f)  increases  for 
decreasing  variance  c  of  WGN. 


logf 


Figure  4  :  Measured  power  spectra  S(f)  for  at  a?  =  0  for  different  variances  <r  of 

WGN 

Finally  with  a  time  signal  as  shown  in  Fig. 5,  we  obtained  a  power  spec¬ 

trum  with  a  slope  smaller  then  m  =  -1.2  over  4  decades  of  frequency  as  shown  in  Fig.  6 
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We  can  state  that  for  certain  excitation  forces  and  decreasing  parameter  value  R 
the  inhomogenous  solution  of  the  Burgers  equation  represents  fluctuations  with  power 
spectra  close  to  j-type. 


-1  U  1  2  3  4 

r,.  ^ 

Figure  6  :  Measured  power  spectrum  S(f)  for  RsiiJ)  a,t  x  =  0 
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ABSTRACT 

Electromigration  damage  in  thin  aluminium  films  is  detected  by  the  AC- 
measurement  of  1  //-noise.  Since  this  technique  avoids  defect  production  by  elec¬ 
tromigration  during  the  measurement  it  allows  to  study  the  effect  of  the  electromi¬ 
gration  pretreatment  on  the  noise.  A  special  phase-sensitive  correlation  method 
suppresses  background  noise  and  thermal  noise.  It  is  found  that  noise  spectra 
remain  nearly  constant  during  electromigration  damage  until  in  a  late  stage  of 
electromigration  a  sudden  increase  of  noise  magnitude  takes  place.  Reversal  of 
the  damaging  current  leads  to  the  partial  recovery  of  this  effect.  The  increase  in 
noise  is  attributed  to  the  creation  of  highly  mobile  defects. 

INTRODUCTION 

Electromigration  damage  is  the  main  source  of  failure  in  metallic  inter¬ 
connections  of  electronic  devices.  It  is  caused  by  the  interaction  of  charge  carriers 
and  the  atoms  of  the  metal  film,  leading  to  the  creation  of  defects  which  even¬ 
tually  form  cracks  across  the  film^.  The  standard  methods  to  study  this  process, 
e.g.  electron  microscopy  and  life-time  tests,  provide  only  limited  information  on 
the  microscopic  processes.  Furthermore  they  are  time  consuming  because  they 
require  statistical  analysis,  and  lead  to  the  destruction  of  the  films.  Therefore  the 
development  of  new  methods  is  highly  desirable. 

As  low-frequency  noise  in  metal  films  is  correlated  to  the  motion  of  defects 
in  the  crystal  lattice^’^’^,  it  can  be  used  to  examine  the  damage  resulted  by  electro¬ 
migration.  So  far  noise  measurements  were  performed  while  the  electromigration 
process  was  going  on.  This  was  done  by  using  a  DC  noise-measurement  technique 
where  the  current  testing  the  resistance  fluctuations  Wcis  at  the  same  time  used 
to  damage  the  film^’^’®.  Noise  spectra  observed  during  electromigration  follow  a 
I//'*' -law  with  7  reaching  from  1  to  2  in  dependence  of  the  applied  stress  (current, 
temperature).  The  1 //^-component  of  the  noise  originates  from  the  atom  flow 
in  the  grain  boundaries.  The  thermally  activated  motion  of  the  defects  caused 
by  electromigration  contributes  to  the  1 //-component  of  the  noise.  Since  both 
noise  sources  cannot  be  seperated  experimentally  in  a  DC  noise-measurement 
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set  up,  the  data  is  difficult  to  interpret  especially  in  respect  to  microscopic  pro¬ 
cesses.  Time-  and  temperature-dependent  experiments  give  rough  estimates  on 
activation  energies  of  the  electromigration  process.  The  present  work  employs  an 
AC  technique  that  does  not  induce  electromigration  damage  during  noise  mea¬ 
surements.  Thus  only  the  thermally  activated  motion  of  defects  contributes  to 
resistance  fluctuations  and  information  on  the  defects  can  be  deduced  from  noise 
spectra. 


EXPERIMENTAL  METHOD 

An  alternating  current  applying  a  special  phase-sensitive  correlation  tech¬ 
nique^  (Fig.  1)  is  used  to  detect  the  resistance  fluctuations  of  metal  films  damaged 
by  electromigration.  The  metal  films  (2  x  100  x  0.8/im)  consist  of  aluminium  doped 


Figure  1:  Set  up  for  noise  measurement  with  a  phase-sensitve  AC  correlation 
technique. 


with  1%  Si  and  0.5%  Cu  on  a  silicon  wafer  and  are  structured  in  a  five  terminal 
geometry.  Half  of  the  measuring  bridge  is  made  up  of  the  sample,  the  other  half 
consists  of  two  resistors  (R)  used  to  balance  the  bridge.  The  voltage  across  the 
sample  is  coupled  to  a  transformer  (Triad  G4)  and  a  low-noise  preamplifier  (Ithako 
1201)  and  is  then  detected  under  -f-45®  and  —45°  with  respect  to  the  phase  of  the 
alternating  current  with  two  phase  sensitive  detectors  (PSD).  By  calculating  the 
cross-correlation  of  these  two  channels  in  a  EFT  analyser,  background  noise  and 
thermal  noise  are  averaged  out,  so  that  only  noise  caused  by  resistance  fluctuations 
is  left  over.  The  electromigration  damage  is  induced  by  a  direct  current  {j  = 
2  •  10  A/m^)  and  interrupted  for  the  noise  measurements.  All  experiments  were 

performed  at  30°  C. 


EXPERIMENTAL  RESULTS 


All  measured  noise  spectra  follow  a  l//^-law  with  7  between  0.85  and 
1.15.  This  suggests  that  the  obseved  spectra  are  caused  by  thermally  activated 
resistance  fluctuations  and  that  they  may  be  interpreted  in  terms  of  the  model  of 
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Dutta,  Dimon,  and  Horn®.  While  resistance  increases  nearly  continously  during 
electromigration  damage,  noise  remains  almost  constant  in  the  first  stages  of  elec¬ 
tromigration  damage  (Fig,  2).  At  a  late  stage  of  electromigration  (2%  resistance 
increase),  after  typically  about  1.2  •  10^  s,  a  sudden  increase  in  noise  power  by 
a  factor  of  2  to  5  occurs,  while  the  resistance  still  increases  continously  (Fig.  2). 
After  such  an  increase,  noise  again  remains  constant  close  up  to  the  failure  of  the 
film. 
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Figure  2:  Typical  development  of  the  spectral  density  of  noise  power  Su  at  1  Hz 
(open  circles)  and  resistance  (full  triangles)  under  electromigration  induced  by  a 
current  density  j  =  2  •  10^°  A/m^  at  30° C. 
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Figure  3:  Recovery  behaviour  of  the  spectral  density  of  noise  power  Su  at  1  Hz 
(open  circles)  and  resistance  (full  triangles)  upon  reversal  of  current  direction  at 
a  current  density  j  =  —2  •  10^°  Ajm^  at  30° C,  the  initial  values  of  resistance  and 
noise  of  the  undamaged  sample  are  shown  for  comparison. 
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In  an  additional  experiment  the  direction  of  the  damaging  current  was  reversed 
after  the  drastic  increase  in  noise  described  above  had  taken  place.  In  intervals 
of  about  1.8  •  10^  s  the  influence  of  the  reversed  current  on  noise  and  resistance 
was  observed  in  order  to  get  information  on  the  recovery  behaviour.  As  it  is 
to  be  seen  in  Figure  3  the  resistance  remains  nearly  unchanged,  whereas  the 
increase  in  noise  is  partially  recovered.  Noise  magnitude  is  reduced  during  9  •  10^  s 
of  current  reversal  to  approximately  a  factor  of  1.2  of  its  original  value  before 
electromigration.  The  process  is  close  to  an  exponential  decay  process  with  a  rate 
constant  of  about  0.02  s“^. 


CONCLUSIONS 

The  presented  experimental  results  show  that  1 //-noise  is  affected  by  elec¬ 
tromigration  damage.  In  all  stages  of  electromigration  noise  follows  a  l/Z'^-law 
with  7  close  to  1,  which  may  be  explained  by  thermally  activated  resistance  fluc¬ 
tuations  within  the  framework  of  the  Dutta,  Dimon,  and  Horn  theory®.  The 
observed  sudden  increase  in  noise  power  is  to  be  attributed  to  the  creation  of 
a  highly  mobile  defect  type  which  causes  noise  by  thermally  activated  motion. 
Resistance  seems  to  be  insensitive  against  the  creation  of  this  defect  type,  which 
indicates  that  the  defect  observed  in  noise  is  a  minority  defect. 

Since  recovery  of  the  noise  increase  upon  reversal  of  current  direction  is 
observed,  one  may  assume  that  the  noisy  defects  are  of  a  simple,  recoverable  type. 
The  experimental  results  obtained  so  far  seem  to  support  their  identification  with 
dislocation  loops.  Further  clues  on  the  identification  of  the  noisy  defect  may  be 
found  by  the  temperature  dependence  of  the  noise  spectra  and  their  analysis  in 
terms  of  the  distribution  of  activation  energies  according  to  Dutta,  Dimon,  and 
Horn®. 

It  looks  promising  to  attempt  the  statistical  analysis  of  the  onset  of  noise 
in  order  to  test  whether  it  is  correlated  with  the  lifetime  of  the  metal  film.  If  such 
a  correlation  can  be  found,  it  will  provide  us  with  a  simple  test  for  the  reliability 
of  metal  films. 
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ABSTRACT 

Hf  noise  and  electrical  resistivity  of  thin  polycrystalline  aluminium  films  were 
measured  before  and  after  low-temperature  electron  irradiation.  Due  to  irradiation  with 
3.7x10^^  eVm^  (1  MeV)  the  noise  measured  at  10  K  increased  by  a  factor  of  6  whereas 
the  electrical  resistivity  increased  only  by  25  %.  Subsequent  isochronal  annealing  at 
progressively  higher  temperatures  caused  the  electrical  resistivity  and  the  1//"  noise  to 
recover.  The  observed  recovery  stages  in  the  Hf  noise  measured  at  10  K  occurred  at 
the  same  temperatures  as  the  well-known  recovery  stages  of  the  electrical  resistivity  of 
pure  bulk  aluminium  irradiated  by  electrons  at  low  temperatures.  Noise  measurements 
performed  at  40  K,  however,  showed  an  additional  recovery  stage  at  an  annealing 
temperature  of  about  70  K  which  has  no  equivalent  in  the  electrical  resistivity. 

INTRODUCTION 

Lattice  defects  may  contribute  to  the  Vf  noise  in  metals  Little,  however,  is 
known  about  the  nature  of  the  defects  whose  motion  causes  the  noise.  The 
fundamental  descriptions  of  fluctuations  in  the  conductivity  of  thin  metal  films  due  to 
the  motion  of  lattice  defects^,  the  universal-conductance-fluctuation  model  and  the 
local-interference  model,  are  rather  unspecific  in  this  respect.  The  same  may  be  said  of 
the  phenomenological  model  of  Dutta,  Dimon,  and  Hom'^,  which  explains  the 
approximate  Mf  frequency  dependence  and  the  temperature  variation  of  the  noise  in 
terms  of  thermally  activated  resistivity  fluctuations  with  a  broad  distribution  of 
activation  energies.  Low-temperature  electron  irradiation  of  thin  metal  films  ^  is  a 
powerfiil  tool  to  study  the  contribution  of  specific  defect  types  to  the  Mf  noise,  since 
only  elementary  intrinsic  defects,  viz.  vacancies  and  self-interstitials,  are  introduced. 
The  present  paper  reports  on  a  study  of  A1  films  irradiated  by  3.7x1023  eVm^  (1  MeV) 
at  temperatures  of  about  10  K. 

EXPERIMENTAL  SET-UP 

The  100  nm  thick  samples  were  obtained  by  electron-beam  evaporation  of 
aluminium  (99.99  %)  on  silicon  substrates  covered  with  Si3N4.  The  room-temperature 
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evaporation  under  high-vacuum  conditions  yields  grain  sizes  comparable  with  the 
sample  thickness.  The  films  were  structured  by  a  conventional  lift-off  procedure  in 
order  to  obtain  a  five-terminal  geometry  with  a  total  sample  length  of  300  pm  and  a 
sample  width  of  5  pm  (see  box  'sample  pattern'  in  Fig.  1).  The  residual-resistivity  ratio 
of  the  films  is  about  5  and  is  dominated  by  the  limitation  of  the  electron  free  path  by 
the  sample  thickness  and  the  grain  size. 

Noise  measurements  were  performed  by  a  special  phase-sensitive  ac 
correlation  technique*  (Fig.  1),  which  allows  the  measurement  of  the  1/Anoise  spectra 
by  suppressing  the  always  present  thermal-noise  background.  The  sample  is  part  of  a 
Wheatstone  bridge  and  is  biased  by  an  alternate  current  at  a  frequency  of  2.56  kHz 
and  a  rms  current  density  of  4x10^®  A/m^.  After  pre-amplification  the  bridge  error 
signal  is  detected  by  two  phase- sensitive  detectors  (PSD)  properly  set  to  a  phase  angle 
of  ±45°  in  respect  to  the  modulating  current  (see  box  'phase  setting'  in  Fig.  1).  Signals 
which  are  correlated  to  the  bridge  input  current  (i.e.  resistivity  fluctuations  of  the 
sample)  are  added  up  due  to  their  fixed  phase  shift  and  appear  in  the  real  part  of  the 
cross  power  spectrum.  Uncorrelated  signals  with  a  random  phase  shift  are  averaged 
out. 


<p=90" 


Fig.  1.  Simplified  schematic  diagram  of  the  noise  measurement  circuit. 
The  two  boxes  show  the  used  sample  patterning  and  the  correct  phase 
setting  of  the  two  PSDs  in  respect  to  the  bridge  input  circuit. 


The  samples  were  irradiated  at  10  K  with  1  MeV  electrons  in  the  high-voltage 
electron  microscope  (AEI-EM7)  of  the  Max-Planck-Institut  fiir  Metallforschung. 
Small  Si3N4  membranes,  etched  from  the  back  into  the  silicon  substrates  (see  box 
'sample  pattern'  in  Fig.  1),  allowed  us  to  exactly  position  the  samples  in  the  electron 
beam  (250  pm  diameter,  2.5x10^^  eVm^s).  After  irradiation  the  cold  samples  were 
transported  by  means  of  a  special  cryostatic  system  into  a  shielded  cabin,  where  the 
annealing  treatments  and  the  noise  measurements  were  carried  out. 
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EXPERIMENTAL  RESULTS 


Due  to  irradiation  with  3.7x10^^  eVm^  the  \/f  noise  of  the  samples  measured  at 
10  K  increased  by  about  a  factor  of  6  whereas  the  electrical  resistivity  increased  only 
by  25  %.  Isochronal  annealing  (6x10^  s)  of  the  samples  at  progressively  higher 
temperatures  caused  the  electrical  resistivity  and  the  Iff  noise  to  recover.  As  a 
function  of  the  annealing  temperature  the  recovery  of  the  Mf  noise  measured  at  10  K 
showed  stages  (Fig.  2)  which  occurred  at  the  same  temperatures  as  the  well-known 
recovery  stages  of  the  residual  resistivity  of  pure  bulk  aluminium  electron-irradiated  at 
low  temperatures^’  After  annealing  above  the  Stage-III  temperature  (in  Al  at  about 
200  K)  both  the  Vf  noise  and  the  electrical  resistivity  returned  to  their  values  before 
irradiation. 
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Fig.  2.  Recovery  of  the  irradiation-induced  Iff  noise  of  thin  aluminium 
films  measured  at  10  K  (inset:  measured  at  40  K)  due  to  isochronal 
annealing  at  progressively  higher  temperatures. 


Noise  measurements  performed  at  40  K  showed  an  additional  recovery  stage  in 
the  li^ noise  at  an  annealing  temperature  of  about  70  K  (see  inset  in  Fig.  2).  This  stage 
has  no  counterpart  in  the  electrical  resistivity  and  is  presumably  analogous  to  that 
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found  by  Pelz  and  Clarke  in  90  K  noise  measurements  on  copper  films  after  electron 
irradiation  at  90  K^. 


DISCUSSION  AND  CONCLUSIONS 

Noise  measurements  on  irradiated  metal  films  can  be  used  to  study  defects 
generated  by  particle  irradiation.  In  the  present  case  (low-temperature  irradiation  of  A1 
films  by  1  MeV  electrons)  the  Vf  noise  spectra  may  be  explained,  according  to  the 
Dutta-Dimon-Hom  model  in  terms  of  a  broad  distribution  of  activation  enthalpies 
that  control  the  motion  of  irradiation-induced  defects  interacting  with  other  defects. 
As  demonstrated  by  the  existence  of  a  recovery  stage  in  the  Mf  noise  measured  at 
40  K  that  does  not  show  up  in  the  annealing  curve  of  the  residual  electrical  resistivity, 
noise  measurements  can  give  information  on  irradiation-induced  minority  defects  that 
is  hardly  obtainable  by  other  techniques. 

Our  results  on  electron-irradiated  A1  films  strongly  support  the  so-called  two- 
interstitial  model  (TIM)^h  12  According  to  the  TIM,  the  static  crowdions  (metastable 
self-interstitials  extending  along  close-packed  directions),  which  have  been  introduced 
by  the  10  K  electron  irradiation,  start  to  move  via  thermal  activation  at  the  end  of 
recovery  stage  I  (in  A1  at  about  45  K).  Owing  to  their  migration  in  one  dimension 
along  close-packed  directions,  they  may  be  confined  by  immobile  defects  on  or  close 
to  their  migration  lines  (for  example,  by  dumbbell  interstitials).  In  this  way  the 
crowdions  may  migrate  to  and  fro  between  obstacles  without  annealing  out,  and 
therefore  can  contribute  significantly  to  the  Hf  noise  subsequently  measured  above 
Stage-I  temperatures.  At  higher  temperatures  the  crowdions  may  be  converted  into 
the  stable  dumbbell  configuration.  Since  conversion  does  not  change  the  number  of 
defects  in  the  sample  but  reduces  the  number  of  mobile  defects,  this  accounts  for  the 
observation  of  a  recovery  stage  in  the  \/f  noise  that  is  not  present  in  the  electrical 
resistivity. 
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RELATIONSfflP  OF  AM  TO  PM  NOISE  IN  SELECTED  MICROWAVE  AMPLIFIERS,  RF 
OSCILLATORS,  AND  MICROWAVE  OSCILLATORS* 
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National  Institute  of  Standards  and  Technology 
325  Broadway,  Boulder,  CO  80303 

ABSTRACT 

A  study  of  AM  and  PM  noise  in  microwave  amplifiers,  rf  oscillators,  and  microwave  oscillators 
was  done  to  provide  a  basis  for  developing  models  for  the  origin  of  AM  noise.  We  find  that  the  1/f 
and  f  components  of  PM  and  AM  noise  in  amplifiers  and  oscillators  are  often  of  equal  magnitude, 
and  that  they  probably  have  common  sources,  namely,  a  1/f  modulation  of  the  gain  element  and 
thermal  noise. 


INTRODUCTION 

To  our  knowledge  there  has  been  little  quantitative  work  analyzing  the  relationship  between 
amplitude  modulation  (AM)  and  phase  modulation  (PM)  noise  in  amplifiers  and  oscillators.  Most  of 
the  literature  assumes  that  the  AM  noise  is  much  smaller  than  the  PM  noise.  We  have  therefore 
undertaken  a  detailed  study  of  PM  and  AM  noise  in  several  microwave  amplifiers,  rf  oscillators,  and 
X-band  oscillators  to  provide  a  basis  for  developing  models  for  the  origin  of  AM  noise  and  its 
relationship,  if  any,  to  the  PM  noise. 

To  measure  the  noise  in  these  devices  we  generally  used  two  channel  measurement  systems 
with  cross  correlation  spectrum  analysis  to  reduce  the  noise  contribution  of  the  measurement  process.' 
Based  on  this  data  we  then  suggest  general  noise  models  for  these  devices  that  include  both  AM  and 
PM  noise.  The  noise  model  for  amplifiers  is,  to  our  knowledge,  the  first  to  show  that  the  PM  and  AM 
noise  added  by  an  amplifier  originates  from  two  common  sources.  Specifically  we  show  that  for  most 
of  the  amplifiers  tested  the  1/f  (flicker)  noise,  which  has  always  been  assumed  to  be  PM  noise,^  also 
produces  AM  noise  of  approximately  equal  amplitude.  Thermal  noise,  the  second  source,  also 
produces  an  equal  amount  of  AM  and  PM  noise.  Our  model  for  oscillators  is  also  the  first  one  to 
include  both  PM  and  AM  noise.  As  in  the  amplifier  case,  we  find  that  there  is  often  1/f  and  f 
components  of  AM  and  PM  noise  of  nearly  equal  amplitude.  The  AM  noise  and  PM  noise  generally 
differ  only  at  frequencies  close  to  the  carrier,  where  the  PM  noise  varies  as  1/f  ^  (flicker  FM  noise).  In 
general  the  PM  noise  roughly  follows  the  Leeson  model.^ 

PM  AND  AM  NOISE  IN  X-BAND  AMPLIFIERS 

A  two  channel  measurement  system  with  cross  correlation  spectrum  analysis  was  used  to 
measure  the  PM  and  AM  noise  of  the  amplifiers.  The  details  of  the  measurement  process  have  been 
discussed  previously The  results  for  PM  noise  in  amplifier  A  are  shown  in  Figure  1.  This 
amplifier  shows  a  1/f  behavior  from  approximately  1  Hz  to  1  MHz  from  the  carrier.  Around  10  MHz 
from  the  carrier  the  PM  noise  is  basically  white  at  -173  dBc/Hz.  The  PM  noise  in  this  amplifier 
follows  very  closely  Parker's  PM  noise  model  for  linear  amplifiers,^  in  which  the  spectral  density  of 

phase  fluctuations, (/) ,  is  given  by  the  expression 


J 


(1) 
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where  is  the  flicker  noise  coefficient,  k  is  Boltzmann's  constant,  T  is  the  temperature  in  kelvins, 
F  is  the  noise  figure  of  the  amplifier,  G(f)  is  the  gain  of  the  amplifier,  and  is  the  output  power  of 
the  carrier  signal  from  the  amplifier. 


k. 

/-q 

PM  Noise  - o - AM  Noise 
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Figure  1.  Single 
sideband  AM  noise 
[S,(/)/2]andPM 
noise  [s^(/)/2] 
in  amplifier  A  at 
10.6  GHz. 


The  AM  noise  added  by  amplifier  A,  also  shown  in  Figure  1,  shows  the  same  1/f  and  white 
noise  components  as  the  PM  noise.  This  suggests  that  the  PM  and  AM  noise  of  an  amplifier  originate 
from  two  common  sources  added  to  the  signal.  The  1/f  component  scales  proportionally  to  the  signal 
and  the  thermal  component  is  independent  of  the  signal.  The  AM  noise  for  a  linear  amplifier  is  thus 
similar  to  the  PM  noise  model  given  by  Equation  (1),  that  is, 

=  (2) 
J 

The  noise  added  by  the  rest  of  the  amplifiers  tested  showed  a  similar  behavior.  Excess  noise 
above  the  intrinsic  flicker  component,  possibly  caused  by  noise  from  the  bias  supplies  in  the 
amplifier,  was  observed  in  some  samples."^ 

AM  AND  PM  NOISE  IN  OSCILLATORS 

PM  and  AM  noise  investigations  in  5  MHz,  100  MHz  and  10.6  GHz  oscillators  were  made 
using  two  channel  and  three-comer-hat  measurement  techniques  previously  described.'^  '^  Results 
from  PM  noise  measurements  in  a  5  MHz  oscillator.  Figure  2,  show  three  different  power-law  noise 
processes:  flicker  FM  (1/f  ^),  flicker  PM  (1/f),  and  white  PM  (f®).  In  general  the  PM  noise  follows  the 
Leeson/Parker  PM  noise  model  for  oscillators  given  by 


Vo  (-4)  +  «£■// (^)  +  «£ (7)  + 

/  /  /  Po 


where  the  first  term,  characterized  by  and  the  carrier  frequency  y^,  is  due  to  phase  fluctuations  in 
the  resonator,  the  second  and  third  terms  are  from  the  amplifier  and  the  fourth  term  is  the  thermal 
noise  of  the  amplifier.^  The  second  term  is  usually  negligible  in  quartz  oscillators  but  may  dominate 
in  X-band  oscillators.  In  some  cases,  depending  on  the  noise  and  bandwidth  of  the  resonator,  there 
can  be  additional  terms.*^-^ 
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Figure  2.  Single 
sideband  AM  noise 
[S;(/)/2]andPM 
noise  [S'^(/)/2]  of 
a  5  MHz  oscillator. 
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The  AM  noise  in  the  5  MHz  oscillator,  also  shown  in  Figure  2,  closely  follows  the  PM  noise 
from  10  Hz  to  50  kHz.  Thus,  the  flicker  PM  and  the  white  noise  processes  seen  in  the  PM  noise  are 
also  part  of  the  AM  noise.  At  frequencies  below  10  Hz,  the  AM  noise  exhibits  a  1/f  ^  component  not 
present  in  the  PM  noise.  We  believe  this  is  caused  by  amplitude  fluctuations  in  the  amplitude  control 
loop  of  the  oscillator.  As  mentioned  earlier  the  1/f  ^  process  observed  in  the  PM  noise  is  due  to  phase 
fluctuations  in  the  resonator  and  thus  is  not  expected  in  the  AM  noise.  The  AM  noise  of  this 
oscillator  can  then  be  described  by 


J  J 


(4) 


Figure  3  illustrates  the  PM  and  AM  noise  measured  in  a  100  MHz  oscillator.  The  same  noise 
processes  observed  in  the  PM  noise  of  the  5  MHz  oscillator  (flicker  FM,  flicker  PM  and  white  PM) 
are  present  in  this  oscillator.  In  this  specific  case,  the  1/f  ^  noise  process  was  present  in  the  1  Hz  -  500 
Hz  frequency  range,  while  the  1/f  was  only  observed  from  « 1  kHz  -  3  kHz.  The  AM  noise  is 
somewhat  different  since  it  only  shows  flicker  PM  and  white  PM  noise.  Although  the  AM  noise  is  1/f 
from  1  to  300  Hz,  the  level  appears  about  10  dB  higher  than  we  would  predict  based  on  the  AM  and 
PM  noise  at  3  kHz.  The  white  FM  noise  observed  in  the  5  MHz  oscillator  is  not  present  in  this 
analysis  range. 
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Figure  3.  Single 
sideband  AM  noise 
[S',(/)/2]andPM 
noise  [5://)/2] 
of  a  100  MHz 
oscillator. 


The  PM  noise  in  X-band  oscillators  showed  similar  characteristics  to  5  MHz  and  100  MHz 
oscillators.  In  general,  all  the  X-band  oscillators  showed  a  1/f^  component  up  to  1  MHz  from  the 
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carrier.  Figure  4  illustrates  the  PM  noise  in  one  of  the  10.6  GHz  oscillators  tested.  In  this  case  the 
thermal  noise  is  reached  at  approximately  100  MHz  from  the  carrier.  The  AM  noise,  also  shown  in 
the  figure,  follows  a  1/f  behavior  from  1  Hz  to  500  Hz.  Though  excess  noise  is  observed  betw'een  1 
kHz  and  1  MHz,  it  can  be  argued  that  the  intrinsic  AM  noise  behavior  of  the  oscillator  (excluding  the 
excess  noise)  is  1/f  until  the  thermal  noise  is  reached.  At  high  frequencies  the  two  curves,  AM  and 
PM,  converge  to  the  thermal  noise  level. 


Figure  4.  Single 
sideband  AM  noise 
[5’.,(/)/2]andPM 
noise  [5//)/2] 
of  a  10.6  GHz 
oscillator. 
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CONCLUSION 

The  noise  measurements  in  the  amplifiers  and  oscillators  tested  indicate  a  strong  relationship 
between  AM  and  PM  noise.  In  both  amplifiers  and  oscillators,  the  AM  and  PM  noise  showed  a 
flicker  noise  component  (1/f)  and  a  white  noise  (f)  component  of  similar  magnitude.  These  findings 
suggest  riiat  the  AM  and  PM  noise  in  amplifiers  and  oscillators  have  two  common  sources:  a  1/f  noise 
modulation  of  the  gain  element  and  a  thermal  noise  component.  In  oscillators,  the  PM  noise  had  an 
additional  1/f  ^  component  close  to  the  carrier  caused  by  frequency  fluctuations  in  the  resonator.^  In 
some  cases  the  AM  noise  had  a  1/f  ^  component  probably  due  to  amplitude  fluctuations  in  the 
oscillator's  amplitude  control  loop. 
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State  University,  N. Novgorod  603600,  Russia 
ABSTRACT 

The  d^endence  both  of  the  spectral  line  shape  and 
the  width  for  signals  having  the  spectrum  of  frequency 

fluctuations  of  the  type  1/0“  (1<a<3)  on  the  value  a  is 
investigated.  It  is  shown  that  the  shape  is  non-Gausslan 
due  to  non-statlonarlness  of  fluctuations. 

INTRODUCTION 

The  shape  of  a  spectral  line  (SSL)  is  the  classical 
description  of  signals  generated  in  precision  oscillatory 
systems.  The  problem  of  SSL  is  analyzed  in  many  papers. 
Nevertheless,  for  the  case  of  simultaneously  existing 
both  non-statlonary  (of  1/f  type)  and  wlde-band  fluctua¬ 
tions  in  the  frequency  there  are  no  algorithms  for  cor¬ 
rect  evaluation  of  this  shape  described  in  the  literatu¬ 
re.  Even  the  shape  of  the  spectral  line  for  the  signal 
with  fluctuations  in  the  frequency  having  diverged  at  low 
frequencies  spectrum  was  not  analyzed.  These  problems  are 
considered  in  the  present  paper. 

SPECTRAL  LINE  SHAPE  EVALUATION  METHOD 

Let  us  consider  the  signal  having  the  amplitude  X^, 
duration  T,  and  fluctuations  v(t)  in  the  frequency; 

x(t)=  X^-(Ut)-Ut-T))cosrb)Ji-  X  (v(t)-v  )dt]  .  (1) 

Here  1(...)  is  Heaviside  function.  The  mean  signal  frequ¬ 
ency  Uj,  differs  from  oscillation  frequency  (o^  on  the  ave¬ 
raged  over  time  T  value  of  fluctuations  in  the  frequ¬ 
ency: 

T 

Uj,  =  Uq  +  Vy  =  cOq  +  a/T)J  v(t)dt  . 

The  correlation  function  of  signal  (1 )  may  be  evalu¬ 
ated  as  follows: 

+00  2 

K(%)  =  J  <x(t)x(t-h%)>d'i  =  ('IqT/2;Kq(t;;co3('Wj,i:;. 

—00 
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Here  the  notation  <. ..>  means  averaging  over  ensemble  of 
realizations.  The  envelope  of  the  correlation  func¬ 
tion  In  the  case  of  Gaussian  fluctuations  In  the  frequen¬ 
cy  Is  described  by  the  following  relation: 


(!r-T)/2 

(2/T)  J  exp(-%^<Lv^(%,Q)>/2)dB,  kT, 


Here 


e+V2 

Lv(%,6)  =  (1/%)  J  v(t)-dt  -  Vy 
0-T/2 

Is  the  deviation  of  averaged  over  Interval  [e-%/2;  Qi-%/21 
frequency  from  the  value  Vy  ;  9  =  T/2-(t+’\:/2). 

The  variance  of  frequency  Increments  <Av^(x,0;>  may 
be  evaluated  If  the  spectrum  S^CQ)  of  frequency  fluctua¬ 
tions  Is  known: 


=  2  /  G(a)S^(Q)  dn,  (3) 

o 

here  Gfn;  =  ainc^p  +  ainc^-n  -  2aimp-alncTn  coa(Q-Q), 

P  =  nT/%,  Tj  =  0%/%,  ainc(z)  =  ain(%z/2)/(%z/2). 

One  can  get  SSI  of  signal  x(t)  evaluating  Fourler- 
transform  from  correlation  function  envelope  (2)  divided 

by  (]^T/2)  -the  total  energy  of  signal  (1): 


FTl'n.T;  =  1/(%T)  J  K^(%)Goa(Qx)dT:.  (4) 

0  ^ 

This  procedure  allows  to  evaluate  SSL  presenting  the 
slmal  energy  distribution  over  analyzing  frequencies 
centered  at  the  mean  frequency  Wy  if  spectrum  S^(Q)  is 

known.  The  following  conditions  are  necessary:  (a)  fluc¬ 
tuations  should  be  Gaussian;  (b)  the  spectrum  Is  Increa- 

If  n  -  0.  In  paper''  the  SSL  energy 
width  n  =  1/W(0,T)  versus  duration  ris  evaluated. 

NON-STATIONARY  FLUCTUATIONS  IN  FREQUENCY 

consider  two  slgials  of  duration  T.  Signal 
(1 )  has  the  following  spectrum  of  frequency  fluctuations: 


fl  <  n,  ,  (1<a<3), 


n  >  n. 
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Spectrum  oI  frequency  fluctuations  of  other  signal 

x^(t)  Is  evaluated  from  the  spectrum  by  the  follo¬ 

wing  relation  eliminating  the  divergence  In  spectrum  (5): 

S^(Q)  =  (1-8lnc^(QT/%))-S^(a).  (6) 

In  the  analysis  of  SSL  the  traditional  treatment  may 
be  used.  Function  W(a,T)  Is  non-negative  and  fulfills  to 
the  normalization  condition.  Thus,  It  may  be  considered 
as  the  probability  density  function  of  some  hypothetical 
random  value 

The  description  of  the  shape  of  the  probability  den¬ 
sity  function  may  be  made  by  cumulant  factors  7^  been  the 

factors  In  Maclourln  series  expansion  for  characteristic 

function 

72„  =  (-1/D^r(f^(lne^(%))/(3.'z^^\^^Q,  (7) 

here  Is  the  second  centered  moment  of  function  W(n,T). 

In  our  case  characteristic  function  coincides 

with  envelope  (2)  of  the  signal  correlation  function. 

If  signal  x/t)  Is  considered,  the  following  relati¬ 
ons  for  the  variance  and  the  4th  cumulant  factor  may  be 
achieved: 


T/2 


=  (2/T)  J  <Av^fO,e;>d9  =  , 


T/2 


T4  =  +  74  =  T4  +  3[  ^  J  <Av2fo.e;>^(je  -  (8) 

O 


where  Is  the  variance,  and  7^  -  the  4th  cumulant  fac¬ 
tor  for  SSI  W^(a,T)  of  signal  x^(t). 

Note  that  the  variance  Is  the  limit  of  Allan  va- 

rlance^  If  number  of  samples  on  Interval  T  tends  to  the 
Infinity. 

Analogous,  but  more  complicated,  relations  may  be 
achieved  for  higher  order  cumulant  factors  as  well. 

Factor  7^  -»  0  If  T-»oo  (e.g.  '^'^=(18Ci^)/(A‘n^T)  If  0=2). 

It  may  be  shown  that  at  the  same  time  all  the  highest  cu¬ 
mulant  factors  also  tend  to  zero.  Thus,  the  limiting  SSL 
of  signal  x^(t)  Is  Gaussian  function. 
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The  value  7"  turns  to  zero  If  the  signal  duration  T 

Is  considerably  greater  than  the  correlation  time  of  fre¬ 
quency  fluctuations.  In  the  case  of  diverging  at  low  ana¬ 
lyzing  frequencies  spect¬ 
rum,  frequency  fluctuations 
have  formally  infinite  cor¬ 
relation  time,  that  means 
the  non-zero  value  of  the 
second  teim  in  eq.(8).  For 
example.  If  a  =  P  then 

t“  =  3/5. 

The  dependence  of  the 

4th  cumulant  factor  7“  for 

the  limiting  (at  T  ■*  m)  ssi 
W(Q}  on  the  value  of  spect¬ 
rum  exponent  a  is  presented 
in  fig.  1 .  One  can  see  that 

7“  is  Increasing  function 

of  value  a  characterizing 
the  non-statlonariness  of 
,  ,  ,  ,  frequency  fluctuations, 

toalogous  conclusion  Is  valid  for  cumulant  factors  of 
higher  orders  as  well.  Thus,  the  difference  between  the 
limiting  SSL  and  Gaussian  function  will  Increase  If  the 
divergence  is  Increased  in  the  spectrum  of  frequency 
fluctuations  at  Q  -»  0.  a  j 

SSI  AWD  MEAN  SOJOURN  TIME  FUNCTION  OF  FREQUENCY 

DEVIATIONS 

The  mean  sojourn  time  function  (STF)  of  freauency 
deviations  U^^(Q)  gives  meaii  time  of  sojourn  of  Instant 

frequency  deviation  from  value  co^,  to  be  In  small  vicinity 
of  argument  n  : 


&0 


a 


Fig.l.  The  limiting  4th  cu¬ 
mulant  factor  versus 
spectrum  exponent. 


T/2 

U^^(Q)=lim(2/ThQ)j<1(hv(0,e)-Q+AQ/2)-1(hv(0,e)-Q-My2)>de. 

AQ  o 


,  ,,  If  signal  duration  T  exceeds  considerably  the  corre- 
latlon  t toe  of  frequency  fluctuations,  then  STF  coincides 
with  probability  density  function  of  these  fluctuations. 
In  the  case  of  Gaussian  non-statlonary  frequency  fluctua¬ 
tions  the  STF  may  be  found  by  averaging  of  the  probabili¬ 
ty  density  function  over  values  9: 
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T/2 


-1/2 


Ui^^(Q)=(2/T)J(2%<hv(0.Q)»  exp(-^f/(2<Av^(0,B)>))dQ.  (10) 


Flg.2.  The  limiting  shape 
of  spectral  line 
and  Its  Gaussian 
approximation. 


For  quasl-statlc  sta¬ 
tionary  frequency  fluctua¬ 
tions  the  SSL  coincides 
with  probability  density 
function  of  these  fluctua¬ 
tions  ^  and,  consequently, 
with  STF.  The  computer  ana¬ 
lysis  of  signals  with  non- 
statlonary  frequency  fluc¬ 
tuations  shows  that  the  li¬ 
miting  SSL  coincides  with 
STF  inside  the  frequency 
region  |  Q I  <Tl/2 ,  n=  1/W(0) . 
Thus,  for  the  analysis  of 
the  limiting  SSL  (In  the 
frequency  region  \Q\<'n/2) 
relation  (10)  may  be  used 
If  the  spectrum  of  frequen¬ 
cy  fluctuations  follows  to 
the  power  law  (S^(Q) 

,  1<a<3  ).  Accounting 
eq.(3),  one  can  transform 
this  relation  to  the  follo¬ 
wing  type: 

W(a)=1/(VD^)FJQ/VD^).  (11) 

The  shape  of  function  Is 

determined  only  by  spectrum 
exponent  a. 

Examples  of  limiting 
SSL's  (11)  are  given  In 
flg.2  for  signals  with 
0=1.2  (curves  1),  a=2  (2) 
and  0=2.9  (3).  The  horizon¬ 
tal  axis  presents  the  nor¬ 
malized  frequency  y=Q/-/D^. 

Broken  lines  show  Gaussian 

functions  g(Q)=(2%Dj^r’‘^^- 

■ exp( -(f/2D^) . 


These  examples  Illust¬ 
rate  the  conclusion  made  in  the  previous  Item  (the  last 
paragraph).  If  the  divergence  rate  (value  o)  of  the  spec¬ 
trum  01  fluctuations  In  the  frequency  Is  Increased  then 
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the  limiting  spectral  line  shape  becomes  more  and  more 
non-Gausslan.  That  is,  if  a  <  1.2  then  SSL  practically 
coincides  with  Gaussian  function;  but  for  the  case  a=2.9 
the  energy  width  of  SSL  evaluated  in  Gaussian  approxima¬ 
tion  is  1.5  times  greater  than  true  value. 

CONCLUSIONS 

1 .  The  algorithm  for  the  spectral  line  shape  (of 
signals  having  finite  duration)  evaluation  at  arbitrary 
analyzing  frequencies  is  worked  out  (relations  (2)- (4)  ). 
The  spectrum  of  signal  frequency  fluctuations  may  follow 
to  an  arbitrary  type. 

2.  Relation  (11)  for  the  limiting  (at  T  oo  and 
|Q|<n/2)  SSL  is  found.  This  relation  Is  valid  for  signals 
having  the  spectrum  of  frequency  fluctuations  following 
to  the  power  law  diverged  at  low  analyzing  frequencies. 

3.  It  is  shown  that  the  limiting  SSL  of  signals  ha¬ 
ving  non-statlonary  frequency  fluctuations  is  non- 
Gaussian.  The  non-Gausslan  behavior  leads  to  the  decrease 
of  the  power  width  of  SSL  comparing  with  Gaussian  appro¬ 
ximation.  This  decrease  is  more  pronounced  if  the  expo¬ 
nent  a  characterizing  the  divergence  in  the  spectrum  of 
frequency  fluctuations  at  low  analyzing  frequencies  is 
Increased. 

Author  is  thankful  to  The  Netherlands  Organization 
for  Scientific  Research  (NWO)  and  to  Prof.  P.N.Hooge  for 
the  support  of  investigations  on  the  considered  problem. 
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THE  INTERPRETATION  OF  1/f  NOISE  FROM  THE  POINT  OF  VIEW  OF 
THE  ELECTRON  ENERGY  PARADIGM 
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ABSTRACT 

A  new  model  for  the  description  of  1/f  noise  has  been  developed.  It  is  deduced 
from  the  electron  energy  paradigm  (EEP).  A  short  description  of  the  EEP  enables 
us  to  show  that  1/f  noise  reflects  a  basic  energetic  state  of  the  electron.  This  has 
the  same  fundamental  importance  as  the  two  well-known  basic  states,  namely  the 
wave  and  particle  states. 

THE  ELECTRON  ENERGY  PARADIGM  (EEP) 

The  EEP  is  an  empirical  relation  i  resulting  from  the  experience  gained  in 
quantum  transport  phenomena  2-4,  atomic  light  spectra,  the  umkiapp  energy  of  the 
electron  spin  and  Hooge’s  empirical  equation  for  the  description  of  1/f  noise  5.  The 
EEP  shown  in  Fig.1  links  five  fundamental  reference  energies  Eo.n  .  n  =  0,...4  ,  by 
means  of  the  coupling  constant  a « 1/1 37  raised  to  different  powers,  i.e. 

Eo.o  =  a  Eo,i  =  a2  E0.2  =  0^  ^0,3  =  Eo,4  (“I) 

These  Eo,n  values  are  reference  energies  related  to  quantum  considerations 
and  thus  denoted  by  the  index  zero.  They  are  evaluated  on  the  basis  of  the  rela¬ 
tion  for  the  square  of  the  electron  charge  given  by 


e2  =  ah  (2) 

Based  on  the  data  of  the  quantum  Hall  effect  2  and  of  the  quantum  transport 
phenomena  3.  as  well  as  on  the  fact  that  a  cannot  be  quantized,  equation  (2) 
implies  the  quantum  character  of  the  magnetic  flux  density  B,  the  voltage  V  and 
the  current  I.  As  has  been  already  shown  L  6. 7,  the  reference  quantities  Bq,  Vq 
and  lo  are  deduced  from  the  Rydberg  energy  Ry  and  the  Rydberg  constant 
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State  of  the  reference  energy  Eo,n 

Fig.  1  Values  for  the  five  reference  energies  Eo.n 
of  the  electron  energy  paradigm 

R  =  i(2ae)'h  where  ae  is  the  reference  length.  The  generalization  of  these 
reference  quantities  is  supported  by  experimental  data  T  6.  7.  Thus  we  can 
formulate: 

1)  the  umkiapp  reference  energy  Eq.o  =  2iibBo  =  a2eVo,  where  hb  is  the  Bohr 
magneton,  Bq  =  0/2nae2  the  reference  magnetic  flux  density,  O  =  h/e  =  e/a 
the  flux  quantum  resulting  from  (2),  Vq  =  Ofg  the  reference  voltage, 

ae  =  7.25  nm  the  reference  length,  fe  =  (2nTe)-i  =  6.58x1015  cps  the  reference 
frequency,  T©  =  ae/c  the  reference  time  and  c  the  velocity  of  light  T  6; 

2)  the  reference  energies  Eq.i  =  elo  =  e2fe  and  E0.2  =  eVo  =  e<l>fe  =  2  Ry  = 

=  27.2  e  V  obtained  from  Ohm’s  law  given  by  Iq  =  aVo,  where  Iq  and  Vq  are  the 
reference  current  and  voltage,  respectively  1. 6. 7; 

3)  the  rest  mass  energy  of  the  electron  Eo,4  related  to  Eo,2  by  the  known  Rydberg 
relation  given  by  Eo,4  =  rnoc2  =  a2  2Ry  =  a^eVo,  where  mo  is  the  rest  mass  of 
the  electron: 
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4)  the  reference  energy  £0,3.  This  will  be  deduced  from  Hooge’s  empirical  equa¬ 
tion  for  the  description  of  1/f  noise  and  Is  given  by  Eo,3  =  =  a-ieVo. 

As  already  stated,  the  evaluation  of  the  EEP  is  based  on  e^  =  ah.  In  another 
paper  It  was  shown  that  formulation  (2)  has  priority  over  the  formulations  {e2)si  = 

=  4n2oatic  in  the  SI  system  of  units,  where  cq  is  the  permittivity  of  vacuum,  and 
(e^)cGS  =  ci'fic  in  the  CGS  system  of  units  T  6.  it  is  evident  that  e2  =  ah  results  in 
a  new  system  of  electromagnetic  units  based  on  the  fundamental  mechanical 
quantities  expressed  by  the  meter-joule-second  system.  For  simplicity,  the  quan¬ 
tity  of  mass  has  been  replaced  by  that  of  energy.  We  have  called  this  system  the 
MJS  system  of  units  6. 

The  EEP  suggests  a  highly  Interesting  interpretation  of  electron  energy, 
showing  that  the  reference  energies  Eo,n  characterize  five  basic  states  of  the 
electron.  These  differ  by  successive  coupling  of  the  basic  yes/no  or  ( +  ,-)  infor¬ 
mation  state  (Eo.o)  with  time  (Eo,i),  with  time  and  1 -dimensional  space  (Eo.a), 
with  time  and  2-dimensional  space  (£0,3),  and  with  time  and  3-dimensional  space 
(£0,4)  T  According  to  this  interpretation,  the  1/f  noise-related  state  refers  to  the 
2-dimensional  state  in  space.  This  statement  will  be  discussed  In  this  paper. 

THE  REFERENCE  ENERGY  OF  1/f  NOISE 

Hooge  was  the  first  to  formulate  the  following  empirical  relation  in  order  to 
describe  1/f  noise  5 


Sv  =  Ciexp  V2  (Ne!  f)-1  (3) 

where  Sv  =  AV2/Af  represents  the  so-called  spectral  power  density  of  the  voltage 
fluctuations,  V  is  the  mean  voltage  at  constant  current,  f  is  the  frequency,  Net  is  a 
number  assumed  to  represent  the  number  of  free  charge  carriers  in  the  object 
under  test  and  Oexp  is  a  fitting  parameter  with  no  relation  to  the  coupling  constant. 
The  noise  quantity  Sy,  declared  as  the  spectral  power  density,  is  In  fact  an 
energetical  quantity,  as  Indicated  by  measurements  using  thermoelements.  This 
statement  is  confirmed  by  the  application  of  the  MJS  unit  system  to  equation  (3), 
directly  obtaining  the  dimension  energy  for  V2/f,  as  V2  then  has  the  dimension 
joule/second  6.  If  we  accept  the  priority  of  (2)  as  a  fact  of  nature  and  use  the  SI 
system  In  the  measurement,  the  correction  factor  2eoC  =  5x10-3  Q-1  must 
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necessarily  occur  at  V2  due  to  the  invariance  of  energy.  The  correction  factor  is 
obtained  according  to  the  transforrriulation  equation 

(V2)mjS  =  (2coCV2)si  (4) 

in  this  context,  it  is  highly  remarkable  that  in  most  cases  under  study  the  fit¬ 
ting  parameter  Oexp  reaches  the  order  of  magnitude  of  10-3  8.  This  means  that  the 
empirical  Hooge  equation  has  to  be  represented  in  the  MJS  system  by 

Sv  =  (V2)mjs  (N  f)-i  (5) 

A  new  interpretation  is  evidently  required  for  the  number  N.  Based  on  the  ge¬ 
neral  transport  model,  Ngi  of  (3)  in  fact  represents  the  number  of  phase-coherent 
states  of  the  electron  gas  Nq  6,  7.  Thus  Nq  may  be  regarded  as  a  quantum  num¬ 
ber  assigned  to  the  electron  state.  Using  the  reference  frequency  fe  for  f  and 
taking  the  ground  state,  i.e.  Nd  =  1,  the  relationship  for  the  reference  energy 
state  Eo,3  ok  the  1/f  noise  is  obtained  from  (5)  in  the  following  form 

Eo.3  =  Vo2Vi=  <J>2fg  =  Q-ieVo  =  0-1  Eo,2  (6) 

THE  FITTING  PARAMETER  Oexp 

As  the  experimental  data  show,  the  fitting  parameter  Oexp  is  not  a  constant, 
as  it  exhibits  values  in  some  cases  even  several  orders  of  magnitude  smaller 
than  the  theoretically  expected  value  of  ath  =  2eoC  =  5x10-3  9.  jo  inter¬ 

pret  these  results,  a  description  of  the  1/f  noise  process  will  be  given  in  detail. 

In  our  model,  1/f  noise  represents  a  variation  in  energy  related  to  the  energy 
Eo,3.  Based  on  the  description  of  Eo,3  in  the  EEP,  the  (coupling)  energy  Eid 
referring  to  a  single  domain  with  electrons  in  a  phase-coherent  state  is  given  by 

Eid  =  I  V(aNDf)-i  (7) 

where  V  is  the  applied  voltage,  I  the  current  and  No  the  number  of  coherent 
domains  in  the  object  under  test.  It  should  be  noted  that  here  a  means  the  coup¬ 
ling  constant.  Referring  to  the  general  transport  mode!  7,  the  number  Nd  is  ap- 
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proximately  given  by  the  number  of  1 -dimensional  current  filaments  np,  multi¬ 
plied  by  the  number  of  coherent  domains  no  within  one  current  filament.  Follow¬ 
ing  these  ideas,  1/f  noise  is  the  result  of  a  change  in  the  coherent  state  of  the 
electrons  represented  by  an  average  change  in  the  number  No,  i  e.  for  example 
by  1.  Thus,  using  the  MJS  system  of  units,  we  can  write 

Q  _  I  _L^  /  J_  _  1  \  1  «  _Ly_  _JL_  ^  y_  I _ 1 _  (s) 

I  af  \Nd  Nd±1  j  I  ccf  Nd^  f  ocinp/n^)  np  ^ 

\{  can  be  simply  shown  that  this  equation  exactly  yields  Hooge’s  empirical  relation 
(3),  when  we  introduce  into  (8) 

1)  Ohm’s  low  formulated  in  the  MJS  unit  system  by  6.  ^ 


2)  the  relation 

Nei  =  nenDnF  (10) 


and  3)  when  we  write 


no^  /  Qexp  (1^^ 

Here  ne  expresses  the  average  number  of  electrons  In  one  domain.  Note  that 
relation  (11)  clearly  explains  the  variability  of  Oexp  by  several  orders  of  magni¬ 
tude  with  respect  to  oth-  Moreover,  it  should  be  noted  that  the  good  agreement  of 
(11)  with  the  experimental  data  is  given  when  we  consider  Oexp  >  ciiatt  = 

=  (  P  /  PiattF.  ciiatt  <  cith  and  np  ~  1/p  7-  Here  is  the  mobility  and  piattthe 
mobility  with  lattice  scattering. 

The  fact  that  Oexp  shows  the  same  order  of  magnitude  in  the  case  of  the 
current-related  noise  quantity  S|  =  Oexp  /  Nf,  where  I  Is  the  mean  current  at 
constant  voltage  5,  8,  9^  provides  evidence  that  1/f  noise  represents  fluctuations  in 
energy  impressed  by  the  external  voltage  and  not  by  the  current.  This  means  that 
the  current  is  only  a  consequence,  and  the  voltage  is  the  main  releasing  para¬ 
meter.  This  can  be  simply  shown  when  multiplying  S|  and  thus  |2  by  the  square 
of  the  sample  resistance  thus  obtaining  the  same  order  of  magnitude  as  would  be 
given  by  measuring  Sv  on  the  studied  system. 


628  The  Interpretation  of  1//' Noise 


CONCLUSION 


In  conclusion  we  summarize  that  Hooge’s  empirical  equation  (3)  for  the  des¬ 
cription  of  1/f  noise  can  be  interpreted  by  means  of  the  reference  energy  Eo  a  of 
the  EEP.  We  obtain  the  agreement  of  equation  (3)  with  eqns.  (6)  -  (8),  when  we 
apply  e2  -  ah  to  the  fitting  parameter  Oexp  and  interpret  Sv  as  a  change  of 
energy  E^q  caused  by  a  variation  in  the  number  of  coherent  electron  states. 

Seen  from  the  viewpoint  of  the  different  possible  basic  states  of  the  electron 
expressed  by  the  EEP,  1/f  noise  is  a  very  important  phenomenon.  We  have  been 
familiar  with  electron  dualism  for  a  long  time,  i.e.  the  possibility  of  electrons  exist¬ 
ing  in  a  1 -dimensional  state  in  space,  known  as  the  wave  state,  and  in  a  3-dimen¬ 
sional  state  in  space,  known  as  the  particle  (i.e.  mass)  state.  But  our  investiga¬ 
tions  show  that  1/f  noise  discloses  a  third  important  state  of  the  electron  in  space, 
namely  Its  2-dimensionality.  Supported  by  the  experimental  evidence  with  1/f 
noise  and  represented  by  the  relation  of  Eo,3  to  Eo,3  really  expresses  not  only 
the  behavior  of  the  applied  voltage  but  also  includes  its  modification  by  an 
additional,  inherent  electric  field.  This  results  from  imperfections  in  the  material, 
such  as  Ions  or  domain  boundaries.  These  disturbances  cause  a  modification  of 
the  applied  electric  flux,  resulting  inevitably  In  a  kind  of  localization  due  to  the 
crossing  of  two  (i.e.  1-  dimensional)  electric  fluxes  (fields).  Thus  we  can  state  that 
the  most  important  feature  of  Eo,3  and  thus  of  1/f  noise  is  its  localization,  which 
greatly  hinders  the  transfer  of  this  embedded  energy  from  place  to  place. 
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DISCRETE-TIME  fGn  AND  fBm  OBTAINED  BY  FRACTIONAL  SUMMATION. 
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ABSTRACT 

This  paper  is  concerned  with  the  behaviour  of  random  time  series  obtained  by 
taking  fractional  sums  of  a  delta-correlated  random  sequence.  Models  are  developed 
for  discrete-time  processes  having  properties  closely  akin  to  the  fractional  Gaussian 
noises  (fGn)  and  the  fractional  Brownian  motions  (fBm).  It  is  shown  that  if  the 
Mandelbrot  parameter  H  is  allowed  to  approach  zero,  the  corresponding  discrete-time 
fBm  converges  to  a  non-stationary  1/f-noise  process,  having  a  variance  that 
increases  indefinitely  as  the  logarithm  of  the  index  n. 

INTRODUCTION 

Our  approach  closely  follows  that  of  Barton  and  Poor^  who  showed  that  continuous¬ 
time  fBm  can  be  defined  in  two  stages.  The  first  step  involves  a  weighted  integral  of 
unit  variance  white  noise  W(0,  giving  fGn,  WHt\  with  parameter  H  €  (0,1): 

t 

WHt)  =  )  J  (la) 


Fractional  Brownian  motion  B^{t)  is  then  obtained  from  the  finite  integral: 


B^{t)  =  j  W«(ii)  du  (lb) 

0 

DISCRETE-TIME  fGn 

Mandelbrot  ^  has  described  a  discrete- time  approximation  to  the  kernel  in  the 
fractional  integral  (la).  We  suggest  that  a  more  natural  choice  is  the  weighting 
sequence  that  provides  sums  to  fractional  order  H-1/2  of  a  bounded  'input 

sequence  Thus,  in  place  of  equation  (la),  we  write: 

(2) 

Jfe=-oo 

where  the  right-sided  weighting  sequence  is  defined  by: 

H-i/2  rjn  +  H  ~  1/2) 

^  rtH-  l/2)rXn  +  1) 


and  represents  white-noise  samples  with  zero  mean  and  unit  variance. 
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The  discrete-time  and  frequency-domain  properties  of  have  been  described 
elsewhere  .  We  find  that  1/2  jg  square-summable  for  H  <  1.  is  then  a 
stationary  random  process  with  finite  variance  given  by 


/  /^(3/2-m’ 


He  (0.1) 


We  define  R„  =  [2r(2H  -  1)  sin  nHY^  =  m2H  -  1)V„  where  Vh  is  equal  to 
Mandelbrot  s  constant  of  the  same  designation^’^.  W’^  is  then  characterized  by  the 
covariance  sequence  ^ 


H  _  H  „  iXm  +  H-  1/2) 

lw|2^^-2for  \m  \  »H  (5, 

which  corresponds  to  to  the  periodic  spectral  density: 

S»((a)=  I2  sin((o/2) 

»  I  ffll  I  ol  — >  0  (ga 

DISCRETE-TIME  £Bm 

Discrete-time  fBm,  denoted  by  (0,1),  is  a  non-stationary  random 

process  with  Bq  =  0  and 


n 


m-1 

^  (m  -  U  I  ) 


n  =  1— m 


=  —  f  ^  sin^(m6i/2) 
12  sin((a/2)J^‘"‘ 


The  result  is  an  even  sequence  dependent  only  on  m: 
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V  FIX'”  +  i/2  +  g)  IjH  +  1/2)1 

=  + 1/2-1?)  /tl/2-l?)J  ^ 

«  Vff  1  m  I  ^  for  1ml  »  (9b) 

Since  is  a  process  with  stationary  increments,  the  increments  have  variance 
'^|Sn+m  “  ^  ^  result,  the  covariance  of  has  a  distinctive  structure. 

On  setting  k=n-^m,  we  obtain: 


,  »{b;}-  ^bL)]  (1».) 

=  ^[ln|2«+  IA|SH-  lft-n|2»],  Inl.UI  »H  (10b) 

Variance  Variance 


Fig.  1.  The  variance  of-|^B^|^  compared  with  the  of  Vjf  I  rl  ^  (dotted  curve) 

The  as3nnptotic  forms  of  equations  (5),  (6),  (9)  and  (10)  bear  direct  comparison 
with  standard  descriptions  of  continuous-time  fGn  and  £Bm.  This  is  emphasized  in 
Figure  1  which  shows  the  variance  from  equation  (9a)  plotted  against  its  continuous¬ 
time  counterpart  Vh  I  tI  It  is  evident  that  the  variance  of  conforms  closely  to 

the  desired  scaling  property 

=  (11) 

Because  there  is  no  inherent  upper  limit  on  the  value  of  the  lag  m,  the  increments 
can  be  regarded  for  practical  purposes  as  a  self-similar  random  process  with 
parameter  H.  It  should  be  noted,  however,  that  it  is  only  in  the  case  of  ordinary 
Brownian  motion  {H  =  |)  that  the  discrete-time  variance  is  strictly  homogenous  in  m, 
thus  ensuring  that  equation  (11)  holds  exactly  for  all  Af,  n  >  1. 
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THE  1/f-NOISE  BOUNDARY 

Flandrin^  has  demonstrated  that  the  non-stationary  covariance  function  of 
continuous-time  fBm  is  consistent  with  a  time-averaged  spectrum  I  <x)  1 
straight-forward  extension  of  Flandrin's  analysis  leads  to  the  spectral  model 

I  2  sin  {co(2)  \  e  (0,1),  which,  we  suppose,  provides  a  useful  characterization  of 

discrete-time  fBm.  We  note  that  a  similar  result  is  obtained  by  starting  with  the 
spectrum  of  stationary  fGn  in  equation  (6)  and  introducing  a  weighting  factor 
[2  sin  (c»/2)]"2,  equivalent  to  the  steady -state  power  frequency  response  of  an 
elementary  summation  system^. 

The  form  of  the  time-averaged  spectrum  suggests  that  as  H  ^  0,  non-stationary 
fBm  takes  on  the  character  of  'true'  1/f-noise.  It  is  perhaps  surprising  that  this 
limiting  form  of  behaviour  seems  always  to  be  excluded  from  conventional 
treatments.  In  the  present  case  we  write: 


lim 


K) 


=  lim  Vh 


TXm  +  1/2  +  H) 
r{m  +  1/2  -  H) 


HH  +  1/2) 
It  1/2  -  if) 


The  limit  is  evaluated  by  applying  THopital's  rule,  giving 


lim  =~  +  U2)  -  vKl/2)1 ,  m  =  0,  ±1,  ±2, ... 

iT->0  I  J  ^ 


where  is  the  logarithmic  derivative  of  the  gamma  function. 

It  may  be  verified  that  the  right-hand  side  of  equation  (13)  is  a  strictly  even 
function  of  m.  Since  the  psi  function  varies  as  In  x  for  large  positive  values  of  x, 
we  see  that  the  variance  satisfies  the  asymptotic  equality: 


lim  -  -Iniml,  lml»l 

n  I  J  ^ 


At  the  boundary  H  =  0,  therefore,  the  variance  of  discrete-time  fBm  and,  by 
implication,  the  variance  of  its  increments  increases  indefinitely  and  in  logarithmic 
fashion  for  sufficiently  large  values  of  I  m  I .  Such  a  conclusion  is  not  unexpected, 
given  the  wealth  of  experimental  evidence  associating  1/f-type  spectral  properties  with 
logarithmic  growth  in  the  time  domain. 
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1/?  NOISE  AND  AGING  DRIET  IN  PARAHETEBS  GAINED 
ET  INO  LEVEL  SISTBC  IN  SSHKXEIDUCIORS 

A.V.Yaklmov,  Prof. 

State  Uniyersity,  N.Novgorod  603600,  Russia 
ABSTRACT 

The  1/f  noise  is  considered  as  the  superposition  of 
random  telegraph  processes.  The  nature  of  such  processes 
is  associated  with  TIS's  (two  level  systems),  i.e.  point 
defects  having  two  metastable  states  divided  by  the  ener¬ 
gy  barrier  with  random  hel^it.  The  link  between  the  noise 
and  the  aging  of  the  device,  displaying  as  the  time  drift 
in  average  values  of  its  parameters,  is  found. 

INTRODUCTION 

Following  to  the  idea  suggested  by  MalaSfuyv^  fluctu¬ 
ations  with  the  spectrum  of  l/f  type  are  considered  as  a 
consequence  of  processes  leading  to  the  aging  of  the  sam¬ 
ple.  The  further  elaboration  of  this  idea  (see,  e.g. 

resulted  the  uniting  with  the  treatment  by  Kogptn  ^  inter¬ 
preting  the  1/f  noise  as  a  consequence  of  the  presence  of 
the  so-called  two-level  systems  (TLS's)  in  the  sample. 
The  nature  of  TIS’s  in  semiconductors  is  not  explicitly 
understood  up  to  now.  Nevertheless,  it  may  be  suggested 
that  these  are  non-synmetrlc  point  defects  described  in 

monograph  As  an  example,  the  account  of  rotating  de¬ 
fects  having  the  configuration  of  a  dipole  ^  gives  the 

possibility  ^  to  explain  experiments  ®  with  Corblno  disk 
where  the  anisotropy  of  current  1/f  noise  was  found. 

On  the  other  hkid,  the  idea  of  an  ensemble  of  TIS’s 

gives  a  new  incite  on  models  by  Van  der  Ziel  ^  and  Du 

Pre"'°.  The  1/f  spectrum  synthesis  by  the  superposition  of 
simple  Lorentzian  spectra,  suggested  by  these  authors, 
acquired  the  explicit  physical  background.  At  the  same 

time,  it  should  be  noted  that  outgoing  from  models 
wide  distribution  in  energy  E,  having  a  sense  of  an  acti¬ 
vation  energy,  was  found  to  be  necessary  for  the  logari¬ 
thmic  drift  in  parameters  of  a  device  explanation  ^  ^ .  Mo¬ 
reover,  in  paper  the  model  was  used,  based  on  systems 
completely  analogous  to  the  above  mentioned  TIS’s.  Thus, 
the  model  of  TIS^s  having  a  random  set  of  inner  helots  E 
opens  the  possibility  to  explain  in  the  same  frames  both 
1/f  noise  and  logarithmic  aging  in  radioelectron  devices. 
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TWO  LEVEL  SYSTEM  ANALYSIS 

Let  us  suppose  that  the  sample  contains  the  defect 
r^domly  chafing  the  configuration.  The  energy  profile 
of  the  defect  Is  shown  in  flg.1.  The  defect  may  be  loca- 
arbitrary  state:  "8"  or  "1\  These  states  are 
ti  energy  ban-ler  of  height  E;  the  difference 

to  depths  of  potential  mlnlmums  Is  Ao.  Following  to  the 

lattice,  defect  is  s^tched  at 
ranuoffi  from  one  state  to  another  one,  and  vice  versa* 

a  reasonable  assumption  that  electro-physical 
parameter  of  the  defect  are  different  In  different  sta¬ 
tes.  That  means,  the  random  change  In  the  defect  conflgu- 
leads  to  chame  In  the  sample  resistance.  The  last 
ch^e,  considered  in  the  course  of  time.  Is  of  a  random 
telegraph  process  (RTF)  type  having  the  magnitude  (QR) 

-the  relative  change  In  the  resistance  caused  by  swit¬ 
ching  of  single  defect  (see  flg.2).  ^ 


Plg.l.  Profile  of  TLS.  Pig. 2.  Realization  of  RTP. 

For  ex^ple,  when  the  state  of  defect  Is  switched. 

(dR)^  =  -(6n)^  -  fdp.;,  ,  (1) 

changes  both  In  the  density 
and  the  mobility  of  carriers  caused  by  the  changp  of  the 
state  of  single  TLS.  Relation  (1 )  suggests  an  ™er  on 

t  ■m  .  -  A 


ctenstty  or  in  the  mobility  of 
{^2"'  considered  model  that  both 
!®  fluctuations.  These  fluctuati¬ 
ons  are  mutually  correlated  if  the  primary  noise  source 
is  associated  with  TI£’s  differed  o&y  by  thfenir^ 
flle,  not  by  the  change  in  electro-physical  parameters. 
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Occupation  times  h  of  the  defect  in  states  ”0" 

and  "1"  are  random  values.  To  switch  from  one  state  to 
another  one  the  defect  should  cross  the  relatively  hl^ 
potential  barrier  (see  fig.1).  Due  to  this  circumstance 
the  distributions  of  these  times  may  be  considered  as 
following  to  Boltzman  law  with  different  mean  values: 

%^-^^-exp(E/kgT)  , 

here  Tj,  Is  the  mean  period  of  the  lattice  thermal  vibra¬ 
tions;  -Boltzman  constant;  T  -the  temperature. 

The  spectrum  of  RTF  corresponding  to  random  switches 
in  the  sample  resistance  caused  by  the  single  TIS  is  of 
lorentz  kind: 

Av 

where 

A  = - 

is  the  parameter  characterizing  the  Intensity  of  the  flu¬ 
ctuation  process, 

-characteristic  (or  comer)  frequency  of  the  process. 

An  ensemble  of  defects,  differing  in  the  common  case 
both  by  the  intensity  of  the  perturbation  and  comer  fre¬ 
quency,  may  exist  in  the  real  sample.  Every  type  of  de¬ 
fect  is  described  by  two  level  system  (see  fig.  1 ) .  In  the 
assumption  of  fixed  magnitudes  f6R;,  for  all  TIS’s  the 

resulted  spectrum  for  total  fluctuations  in  the  sanple 
resistance  may  be  expressed  as  follows: 

where  V(v)  is  the  probability  distribution  for  comer 
frequencies,  -the  total  number  of  defects  in  the  samp¬ 
le.  We  put  all  intensities  A  to  be  fixed  and  take 

where  /j  is  low  and  -high  comer  frequencies.  In  this 

case  the  resulted  spectrum  is  of  the  1/f  type  in  the  fre¬ 
quency  band  from  up  to 
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S(f)  =  G/f  (2) 

f 

and  G  =  (%-A-F^)/(2-Ua(ff/f^)). 

The  distribution  W(v)  is  realized  if  all  TIS's  have 
liied  differences  Ao  and  the  distribution  W(E)  for  barri¬ 
er  heights  is  uniform  in  the  energy  range  from  value 

up  to  value  E^,  corresponding  to  frequencies  and 

Thus,  the  movement  of  defects  in  the  solid  state 
produces  the  stationary  random  process  having  the  spect¬ 
rum  of  1/f  type.  Let  us  now  consider  nonstationary  drift 
in  the  sample  resistance. 

LOGARITHMIC  AGING 

Let  us  suppose  that  after  the  sample  manufacturing 
all  defects  turned  out  to  be  mainly  in  one  selected  state 
(for  example,  in  state  ”0”,  see  fig.1).  In  this  case  the 
distribution  of  defects  over  potential  pits  is  nonstatio¬ 
nary,  and  the  non-zero  (at  average)  stream  of  defects  to¬ 
wards  other  state  arises  driving  all  the  sample  to  the 
thermodynamic  equilibrium. 

At  first,  ’'fast"  (having  small  relaxation  time  t  ~ 
1/2%f^)  defects  begin  to  take  part  in  the  relaxation  pro¬ 
cess.  Then  slow  defects  start  to  relax.  As  a  result,  the 
equilibrium  will  at  the  most  be  achieved  during  the  time 
t  >  1/2%f^.  The  drift  in  the  resistance  mean  value  affec¬ 
ted  by  the  single  defect  with  comer  frequency  v  follows 
to  the  exponential  law: 

<5R(t\v)>  =  m)^-(p  -  p^)-(l  -  e-^*;  , 

here  p  =(  1  expCAyn^T)  is  the  probability  for 

the  defect  to  be  in  the  state  "0"  at  the  temperature  T; 
p^  -the  same  probability  corresponding  to  the  temperature 

of  the  previous  treatment;  the  notation  <...>  means  the 
averaging  over  the  ensemble  of  defects. 

The  dependence  of  p  on  the  temperature  is  presented 
in  fig. 3.  Here  curves  ”^1,2,3"  correspond  to  differences 
between  depths  of  pits  in  TLS  Ao=1 0,20,30  meV.  Horizontal 
and  vertical  lines  show  the  TLS  evolution  during  the  sam¬ 
ple  cooling  after  the  previous  treatment. 

The  resistance  drift  caused  by  the  going  of  all  de¬ 
fects  to  the  equilibrium  is  the  superposition  of  expo¬ 
nents  with  different  relaxation  times.  TMder  the  assump¬ 
tion  that  the  spectrum  of  the  process  is  of  type  (2),  the 
drift  in  the  resistance  at  2%t  €  follows  ap¬ 

proximately  to  the  logarithmic  law: 
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<mt)>  =  ,  (3) 

here  B  =  (p-p^)-N^-  m) 

The  knowledge  of  value  B  allows  to  determine  the  ti¬ 
me  of  the  device  stable  operation: 

tg  =  t^-(eTp«m^>/B)  -  1)  . 

Here  is  the  time  passed  after  the  sample  manufactur- 
ing;  -permitted  maximum  relative  change  in  the 

device  resistance. 


Fig. 3.  The  evolution  of  TIS  during  the  sample  cooling. 

Using  relations  (2)  and  (3)  one  can  find  the  relati¬ 
on  between  the  degradation  (aging)  rate  and  the  value  G 
determlniig  the  spectrum  at  1  Hz: 

B  =  G-(p  -  PqVIp-  (1-p)- ■  (4) 

Thus,  the  increased  noise  value  may  indicate  the  in¬ 
creased  aging  rate,  that  is  the  possible  non-reliability 
of  the  device.  In  other  words,  relation  (4)  shows  the  way 
for  the  selection  of  semiconductor  devices  on  the  basis 
of  the  information  about  the  1/f  noise  spectrum  value,  if 
the  number  of  defects  in  the  sample  is  fixed. 

In  the  course  of  the  time  the  accumulation  of  de¬ 
fects,  increasing  the  aging  rate,  may  take  place.  This 
process,  as  one  can  see  from  relation  (2),  is  Immediately 
displayed  through  the  noise  Intensity  Increase.  Perhaps, 
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Sst  this  mechanism  may  explain  the  known  effect  of  sharp 
crease  of  the  1/f  noise  intensity  before  the  burnout  of 

the  device  (see,  e.g.  The  test  of  the  value  may 

be  made  by  the  test  of  the  1/f  noise  spectrum  value. 

Another  Interpretation  of  reached  results  Is  possib¬ 
le  as  well.  Knowing  both  the  spectrum  at  1Hz  and  the  va¬ 
lue  B  (after  the  control  of  the  drift  In  the  total  sample 
resistance),  one  can  evaluate  the  factor  for  the  relation 
between  G  and  B  In  (4).  This  factor  may  be  used  for  the 
type  Identification  of  defects  existing  In  the  solid  sta¬ 
te  and  having  concrete  values  p  and  (dR)^. 

CONCIUSION 


Thus,  the  model  of  moving  defects  allows  to  explain 
not  only  the  nature  the  noise  with  spectrum  of  the  1/f 
type  but  also  to  get  data  about  the  reliability  of  semi¬ 
conductor  devices. 

Author  Is  thankful  to  The  Netherlands  Organization 
for  Scientific  Research  and  to  Prof.  P.N.Hooge  for  the 
support  of  Investigations  on  the  considered  problem. 
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BASIS  OF  UNIVERSAL  EXISTENCE  OF  1/F  FLUCTUATION 

— Mathematical  proof  and  numerical  demonstrations — 
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Department  of  Physics,  Faculty  of  Science  and  Technology,  Keio  University 
3-14-1  Hiyoshi,  Kohoku,  Yokohama,  223  Japan 

ABSTRACT 

We  define  “1  / /  fluctuation  function” .  This  function  has  a  stability  property  that 
their  sum  and  product  are  again  1//  functions.  We  prove  this  property  mathematically 
and  also  demonstrate  it  numerically.  It  follows  that  nonlinear  dynamical  systems  can 
have  1//  fluctuating  solutions. 


INTRODUCTION 

The  frequent  appearance  of  fluctuation  that  has  1//  power  density  spectrum  in 
the  low  frequency  range  is  a  riddle,  and  studies  have  been  published  in  a  series  of 
proceedings  of  this  conference.  P.H.  Handel,  for  example,  is  persistently  developing 
theories  for  general  understanding  of  1//  noise  by  simple  dimensional  arguments  or 
extensive  analyses[l].  In  search  of  a  simpler  answer  we  present  another  general  viewpoint 
based  on  a  property  of  chaotic  function. 

DEFINITION  OF  1/F  FLUCTUATION 

A  function  of  time  ^ 

/(^)  =  S  “n  COs{uJnt  -I-  6n)  (1) 

n=:l 

will  be  called  “chaotic”  if  the  parameters  a„,a;„  and  satisfy  following  criteria  1-3. 
If  the  function  (1)  further  satisfies  the  fourth  criterion,  we  define  it  to  be  the  “1// 
fluctuation” . 

1.  The  phases,  are  uniformly  random  in  [0, 27r). 

2.  The  frequency  range  is  limited  by  upper  and  lower  cut  off,  Ao;  <  a;„  <  D,  where 
Q/Alu  =  Af  »  1. 

3.  Spectral  lines  are  so  dense  that  many  lines  a;„  exist  in  any  interval  (a;,  a;  -|-  Alj). 
Here  Aa;  =  27r/T  is  the  resolution  limit  of  the  spectrum  when  the  observation  is 
performed  during  time  T.  We  often  meet  such  “chaotic”  functions  in  dynamical 
systems  Xi  =  fi{xi  •  •  -  Xi  ’  ■  •  x/),  (i  =  1,  •  •  •  ,7),  where  nonlinearity  of  the  interact¬ 
ing  forces  is  sufficiently  strong. 
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4-  Power  density  spectrum  defined  by 


U}<OJn  <w  +  Af  Aw 


is  proportional  to  1/a;.  Here  M  1,  but  MAuj  Q. 

For  convenience,  we  express  the  f{t)  in  a  complex  form 
^  .  1  . 

/W  =  where  c„  =  =  c„.  (3) 

n=-N  ^ 

We  can  group  spectra  within  Aw  and  express 

M. 

f{t)  =  Y,  where  ^  c„  and  =  mAw.  (4) 

m=M  mAw<w„  <(m+l)  Aw 

The  complex  amplitude  Cm  is  a  result  of  many  random  walks  in  the  complex  plane,  and 
its  deviation  is  suppressed  by  summing  over  M  successive  iC^n^s 

M 

Pk  =  Y  |C^m+mP-  (5) 

fl=l 

Smooth  power  density  spectrum  p{w)  is  obtained  by  connecting  w^  —  Pk  curve,  where 
Wk  =  kMAw. 

SUM  OF  1/F  FLUCTUATION 
Theorem  1.  Sum  of  two  1//  fluctuations  is  again  a  1//  fluctuation. 

Suppose  we  have  two  l/f  functions 

M  M 

Mt)=  E  x,(i)  =  E  □  (6) 

m=—M  m— — 

The  power  spectrum  of  Xi  +  X2  is  : 

M  M 

pW+(2)  ^  El^fM+K  +  dM+^l^  =  E(l'^fcM+t‘l^  +  l‘^S+„r)  +  c™ss«erms 

^=1  n=l 

=  +  +  (7) 

as  the  phases  of  and  are  independent.  Therefore  =  P^^^(a;)  + 

P(2)(a;). 

POWER  DENSITY  OF  PRODUCT 


The  product  of  1//  functions  (6)  has  power  spectrum 


kM+M  M 

>(1)(2)  „  1  /o(l) 


E  I  E 


Tn=fcM+l  n=—M. 


T.  Kawai  et  al  641 


Let  us  investigate  the  summand: 


M  MM 

i/-.(i)  \2\rf{2)\2  ,  sr 


Eic^VlCl'  +  EE 


The  first  term  on  the  right  has  M.  positive  terms  while  the  second  term  has  —  1) 

terms  having  both  signs  (random  walk).  Absolute  values  of  the  two  terms  are  of  the 
same  order.  However,  by  summing  M  such  terms,  the  first  term  dominates  : 


kM+M  M 


m=kM+l  /i 

Thus  we  arrive  at  the  lemma. 

Lemma.  Product  of  chaotic  functions  has  the  following  power  density  spectrum 

/oo 

P^{uj  -  uj')py{uj')duj\  (11) 

•oo 

PRODUCT  OF  1/F  FLUCTUATION 

Theorem  2.  Product  of  1//  fluctuation  is  again  a  1//  fluctuation  (approximately). 
We  prove  Pxy{(^)  — .  [c/o;]  when  Pi(a>)  =  [1/u;],  Py{oj)  =  [1/H- 

Here  we  use  notation  [  ]  to  designate  cut  off  : 

[1/a;]  =  1/a;  in  Ao;  <  |a;|  <  ;  =0  elsewhere.  □  (12) 

This  theorem  can  be  proven  in  at  least  three  different  ways.  The  simplest  one  is  the 
following.  [N/w]  is  a  normalized  pseudo  ^—function,  ^'(o;),  in  the  sense  that  most  of  its 
integral  comes  from  the  vicinity  of  the  origin.  If  a:  =  6'{w)  and  y  —  S'{u)  then 


Pxy{^)  =  J  ~  =  26' {oj). 


If  we  normalize  f{t)  so  that  f^p(u;)dw  =  and  denote  it  by  then 

n  =  (H  E 

t  i 

where  equality  means  that  both  sides  have  equal  power-density  spectrum. 

NUMERICAL  DEMONSTRATIONS 
We  prepare  1//  fluctuating  functions 

1024 

x{t),  y{t)  =  A/*  ^  ^  cos(a;^t  +  6m) 


where  Wm  =  m/1024,  and  J\f  is  the  normalization  factor.  Power  density  of  x,  x  -1-  ?/, 
xy,  x^  are  obtained  from  Fourier  transform  of  these  functions  of  time.  The  results  are 
shown  in  the  figures,  which  demonstrate  the  “stability  property”  of  the  1//  fluctuation. 
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CONCLUSION 

If  displacements  x  are  1/f  fluctuations,  then  forces  F  (nonlinear  functions  of  x)  are 
also  1/f  fluctuations  owing  to  our  theorems.  These  forces  in  turn  cause  1/f  fluctuation 
in  displacements  in  the  low  frequency  range  where  x  oc  F.  Thus  1/f  fluctuation  can 
generally  be  solutions  of  nonlinear  dynamical  systems. 
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Figures.  Sum  and  product  of  1//  fluctuation  and  y{t). 

Note  that  all  power-density  spectra  are  1//,  and  agree  with  theory. 
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TWO-POINT  OCCUPATION  -  CORRELATION  FUNCTIONS  AS 
OBTAINED  FROM  THE  STOCHASTIC  BOLTZMANN  TRANSPORT 
EQUATION  (SEMI-CLASSICAL)  AND  THE  MANY-BODY 
MICROSCOPIC  MASTER  EQUATION  (QUANTAL) 

Ayivi  Huisso*  and  Carolyne  M.  Van  Vliet 

Department  of  Electrical  and  Computer  Engineering 
Florida  International  University,  Miami,  Florida  33199 

ABSTRACT 

Correlations  in  single  particle  state  occupancies,  such  as 
<n(k,r,t)n(k',r’,0)>  for  a  solid  with  extended  states  |k>  can  be 
obtained  in  two  ways.  First  a  stochastic  Boltzmann  equation 
provided  with  a  Langevin  source  ^(k,r,t)  can  be  employed  using 
methods  which  essentially  go  back  to  Uhlenbeck  and  Ornstein'^. 
Secondly  one  can  use  the  quantum  statistical  many-body  master 
equation  for  the  reduced  density  operator  pR(t)  (after  the  Van 
Hove  limit)  and  compute  the  correlations  to  any  order  from  the 
associated  equation  for  the  generating  functional. 

1.  STOCHASTIC  BOLTZMANN  EQUATION  DESCRIPTION 

The  stochastic  Boltzmann  equation  (or  Boltzmann-Langevin 
equation)  was  introduced  at  about  the  same  time  (1970-1971)  by  Fox  and 
Uhlenbeck^  (Rockefeller  U.)  and  by  Van  Vliet^  (CRM,  Univ.  de  Montreal). 
Correlations  in  state  occupancies  nP(y,t),  where  p  Is  the  species  index  and  y 
the  single  particle  attributes  k  or  (k,r)  are  obtained  by  a  Green's  operator 
solution  of  the  linearized  transport  equations  for  the  fluctuations, 

[|  +  A]a(y.1)  =  4(y.t)  (1) 

where  a  =  {aP}  s  {AnP},  and  ^  =  {^P}  is  the  Langevin  source;  both  are  vectors 
in  a  Hilbert  space  Ol  =  where  yeT).  In  the  case  of  one  species 

(s=1 ),  A  Is  the  linearized  Boltzmann  operator  A  =  D  +  B^  where  T)  relates  to 
the  streaming  part  and  B^  is  the  linearized  collision  operator.  The  Boltzmann- 
Langevin  equation  Is  a  transformation  in  the  Hilbert  space  Ol.  The  formal 
solution  of  (1)  is 

*  Permanent  address:  Centre  de  Recherches  Mathematiques, 

Universite  de  Montreal,  Montreal,  Que  H3C  3J7,  Canada. 
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t+0 

a(y,1)  =  Jdt'gy(t.t')^(y,t’)  +  g(t,0)a(y,0),  (2) 

0 

where  gy  is  the  Green's  operator  (propagator)  e(t-t’)exp[-A(H’)],  0(t)  being 
the  Heaviside  function.  To  obtain  the  correlations  one  follows  the  procedure 
of  Ornstein  and  Uhlenbeck.  For  the  sources  we  assume  white  noise,  i.  e., 

H(y,y')5(t-t')  =  <^(y,t)^‘r(y',t')>.  (3) 

The  time-displaced  fluctuation-correlation  function  and  the  stationary 
covariance  functions  are  obtained  from 

‘l>{y.y'.u)  =  limt_>oo<a(y,  t+u)a’'’(y'.t)>cond  (4) 


r(y.y')  H  <An(y)Antr(y')>  =  limt^,«,,u-^o<a(y.  t+u)ati'(y',t)>cond.  (5) 


where  "cond"  stands  for  a  subensemble  in  which  a(y,0)  is  fixed.  Note  that  O, 
r,  and  3  are  elements  of  the  tensor  product  space  .  We  further  define 
scalar  products  both  in  m  and  ^(S)<ll;  as  basis  in  oi  we  choose  the 
eigenfunctions  Ok  of  A,  while  the  eigenfunctions  'Fi  of  the  adjoint  operator  A 
serve  as  a  basis  in  the  dual  space  5.  One  then  obtains  easily  [Ref.1 ,  Eq. 
(2.23)], 


®(y.y'.u)  =  XexpKku) 

kl 


«i>k(y)<i>i<^(y') 

^k+?Li  ' 


Using  the  transposition  property,  0(y,y',u)  =  oF(y',y -u),  we  obtain  likewise, 
«>(y’.y.u)  =  H)*,  u<0.  (7) 

kl  4k+A.| 


Forming  the  scalar  product,  (4>(y,y',u),  'Pm'Pn*1.  multiplying  by  Xm+^n  and 
noting  Xm'i'm'*'  =  Xn\|rn‘=Pn'Pn*=A‘'Pn*  and  employing  Green’s 

theorem  in  one  finds  the  correlation  theorems,  not  given  hitherto, 

Ay<I>(y,y',u)  +®(y,y’,u)<-Ay’tr  =  exp(-AyU)H(y,y'),  u>0.  (8a) 


Ay®(y,y’,u)  +<I>(y,y',u)^Ay'"'  =  E(y,y')^exp(Ay*fu), 


u<0. 


(8b) 
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For  u->0+  or  0-,  respectively,  one  obtains  the  covariance  theorem  or  "lamda 
theorem,"  also  obtained  recently  by  Kogan^  using  a  generalized  Keldysh 
diagrammatic  technique: 

Ayr(y,y’)  +r(y,y’)^Ay-tr  =  S{y,y').  (9) 

The  solutions  of  the  covariance  theorem  have  been  discussed  abundantly 
before^.  As  to  the  new  "fluctuation-correlation  function  theorems",  (8a)  and 
(8b),  they  admit  the  Van  Vliet  -  Fassett  solution 


0(y,y’,t)  =  exp(-Ayt)r(y,y’), 

t>0 

(10a) 

®(y.y’.t)  =  «>(y’.y -t)  =  r(y,y’)exp(Aylrt), 

t<0. 

(10b) 

as  is  found  by  substitution**). 

Now  some  notes  on  the  physical  content  of  these  theorems.  Let  y->k. 
First,  we  noted  before^  that  the  source  kernel  E(k,k')  is  equal  to  the  Fokker 
Planck  moment  of  second  order,  B(k,k’).  The  latter  follows  from  the  many- 
body  transition  rate  functional  W({n(k)}-^{nk})=Wy7,  where  y  and  y  are 
occupation-number  states  in  the  Fock  space,  see  section  2  below. 
Straightforward  computation  from  Fermi's  golden  rule  shows  that  B  contains 
diagonal  and  off-diagonal  elements,  contrary  to  what  is  stated  by  Nougier 
and  Vaissiere^.  Secondly  notice  that  (8a)  and  (8b)  are  inhomogeneous 
equations,  relating  the  correlations  to  the  physical  interactions  (matrix 
element  squared  of  interaction  Hamiltonian)  entering  in  Wyy  and  thus  in 

£i{k,k').  Yet,  contrary  to  a  claim  in  Ref^,  also  satisfies  the  homogeneous 
0 

Boltzmann  equation,  [—  +  A]0(y,y',t)  =  0,  as  noted  by  Gantsevich,  et  al.®,  and 

as  is  easily  proven  by  using  Bayes’  theorem,  for  <a{y,t)a(y',o)>  = 
«a(y,t)a(y’,o)>cond®{y’.0)>.  The  solution  of  the  homogeneous  Boltzmann 
equation  for  O  yields  no  correlations  associated  with  primary  physical 
causes,  however;  rather,  this  contribution  can  (must)  be  used  to  satisfy  the 
canonical  constraint  in  neutral  plasmas  or  solids. 

2.  THE  MOMENT-GENERATING  FUNCTIONAL  OF  THE  MASTER 

EQUATION. 

Vasilopoulos  and  Van  Vliet  consider  the  Hamiltonian 


H  =  Ho  +  5lV  -  AF(t), 


(11) 
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where  Hq  represents  the  electron-phonon  (or  electron-impurity  gas),  XV  the 
concomitant  interactions,  and  AF(t)  the  effect  of  an  external  field,  for  which 
the  master  equation  was  derived  by  Van  Vliet^.  Let  |7>  =|{n^}>  be  a  many- 
body  state  in  the  occupation-number  representation.  The  generating 
functional  for  the  reduced  density  operator  pR  was  computed  elsewhere^;  it 
satisfies 


^  oo 

-<exp[-£s^n^]>t=  X<[H)'^/k!]exp[-Xscnc]  XsCi---SCkF(n^)>t 

+  ext.  field  term.  (12) 

Here  Fk(n^)  is  the  k-th  order  Fokker-Planck  moment, 


Fk(nj)  =  S{'iCi~nCi)-(nCk-nck)W-)f,  (13) 

Y 

where  W^is  the  master  transition  rate  given  by  Fermi's  golden  rule.  When 
we  now  differentiate  (12)  to  s^i,  setting  afterwards  all  s^  equal  to  zero,  we 
need  only  keep  the  term  with  k=1.  This  yields  the  Boltzmann  equation  in  the 
form 

~^^^'  =  <Fl(nci)>t  +  PF(t)<n(i><Yl(AR)d|7>eq-  (14) 

The  first  part  represents  the  collisions  (see  below).  The  quantum 
mechanical  form  for  the  streaming  (second  part)  has  no  classical  analog,  as 
elaborated  and  discussed  elsewhere^  Likewise,  differentiating  to  and  ^2. 
setting  afterwards  all  n^  equal  to  zero,  keeping  the  terms  with  k=1 ,2,  leads  to 
the  second  equation  of  the  master  hierarchy®. 

3<nf;-in^2>t  ,  X  „ 

^  =  <n^i  Fi  (n^2)>t  +  <n^2Fi  (n^i  )>t  <F2(n^i  ,n^2)>t 

-  PF(t)X‘='^Ci"C2‘Bc^C>eq  ac  +  PF(t)S<'^Ci'^^2n^>eq  a^-  (15) 

C  C 

Again,  the  first  part  refers  to  the  collisions,  while  the  streaming  contains  the 
position  (a)  and  velocity  (a)  diagonal  matrix  elements. 

For  the  Fokker-Planck  moments  we  need  the  explicit  matrix  elements 
|<Y|XV|'y>|2  involving  electron-phonon  or  electron-impurity  interactions  in 
second  quantization  form.  One  finds  that  connected  states  |7>  =  |{n^},  {Nq}> 
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and  1^  =  |{n^},  {Nq}>  require,  considering  a  term  of  the  interaction 

series, 


n;-n;  =  (1-2n^)(5;;'  +  5^^”), 

(16a) 

~  Nt|  =  5r|t,'  + 

(16b) 

Assuming  an  adiabic  approximation  for  the  Bosons,  one  obtains,  using 
(16a)  and  n^2=n^  (for  Fermions)+,  denoting  by  <  >b  an  average  over  the 
Bosons, 


<Fi{n^i)>b  = 

7  C’C" 

=  X'^crf^C'(‘'“^C")(^-2nci)(5cc*  +  Scc") 

C'C" 


=  -ZKiC  nc(1-nci)]  =  -13^1  n^i  (17) 

c 

where  is  the  full  (non-linearized)  Boltzmann  operator  for  Fermions. 
Thus,  (14)  leads  to  the  full  quantum  Boltzmann  equation  (QBE).  Likewise, 
one  finds  for  F2(n^in(;2)‘^'*',  employing  (16a), 

F2(ncin^2)=  (18) 

7 

=  XwcC’'f^C(‘'“'^C’)(‘*“2n;i)(1-2n^2)(5ciC  +  8^1C’)(^C2C  +  8;2C") 
C'C” 


=-[w^i^2n^i(1-n^2)  +w^2Cinc2(1-n^i)]  +5^iC2  51[wciC*^Ci(‘^''^C) 

C 

which,  for  non-degenerate  statistics  is  exactly  the  form  given  by  Gantsevich 
and  Gurevich^.  Our  result  is,  however,  more  general  since  no  linearization 
has  taken  place,  Eq.  (1 5)  now  reads,  for  t^c>o  and  in  the  absence  of  an 
external  field, 

<n;iU^2n^2>  +  <n^2^^in^i>  =  B(n^in^2)  =  S(^i,^2)  (19) 

where  we  wrote  F2  =  B  for  the  second  order  FP  moment,  while  further  we 

notice  that  So,  Eq.  (19)  is  the  generalization  of  the  "A-theorem",  Eq. 

(9).  For  equilibrium  (no  streaming)  the  solution  is  that  of  the  grand  canonical 
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ensemble.  For  hot  electrons  a  generalization  of  (15)  can  be  derived. 

In  conclusion,  this  article  differs  from  Ref  6  in  that  we  stress  that  the 
true  correlations  -  not  associated  with  constraints  -  need  the 
inhomogeneous  equations  (8a),  (8b)  and  (9).  If  the  Boltzmann  operator  is  a 
transformation  in  the  space  the  equations  for  the  correlation  and 
covariance  functions  pertain  to  the  space  However,  part  of  the 

correlations  may  be  governed  by  the  homogeneous  Boltzmann  equation, 
which  is  denied  in  Ref.  5.  Moreover,  as  explicitly  shown  in  (18),  the 
Langevin  source  in  any  occupation  representation,  i.  c.  in  k-space  states,  is 
not  diagonal,  i.  e.  their  Eq.  (16)  is  erroneous  (see  also  Ref.  10).  We  believe 
that  Nougier  and  Vassiere  make  a  conceptual  error  in  that  H(ki,k2)  (or the 
Langevin  source  spectrum  S^(k-i,k2)  would  represent  the  scattering  of  a  ki 
state  and  a  k2  state  electron  with  two  different  phonons.  However,  the 
master  equation  treatment  and  resulting  Fokker-Planck  moments  show  that 
S4(ki,k2)  derives  from  the  simple  transition  rates  Q(k^k’,q)  and  Q(k,q-^k') 
which  determine  Wkk’  and  which  involve  absorption  or  emission  of  a  single 
phonon,  thus  negating  Nougier's  argument. 

The  authors  acknowledge  a  discussion  with  Dr.  Katilius  at  the 
Budapest  conference  which  stimulated  them  to  reconsider  this  problem  and 
they  thank  Dr.  Kogan  for  a  copy  of  his  paper.  This  research  was  supported 
by  NSERC  grant  A9522. 


**  Substitute  (10a)  in  first  terms  on  l.h.s.  of  (8a),  and  (10b)  in  second  term  on 

l.h.s.  of  (8a),  noting  that  the  effect  of  the  retarded  Green's  operator  cancels 
the  effect  of  the  advanced  Green's  operator. 

+  n^(1-2n^)  =-n^  ,  (1-2n^)2  =  l. 

++  This  result  differs  from  (3.17)  in  Ref  8,  which  is  incomplete. 
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BROWNIAN  MOTION  THROUGH  POTENTIAL  BARRIERS 
WITH  DIPFERENT  SHAPE,  WIDTH  AND  HEIGHT. 

N.V.Agudov,  A.N.MalaKHov,  A.L.Panlsratoy. 

State  University,  N.Novgorod  603600,  Russia. 

ABSTRACT. 

The  Brownian  motion  In  dlirerent  pl.0C0wXs0  linear 
("triangular"  and  "step  llhe")  and  In  piecewise  parahollc 
metastahle  potential  profiles  are  considered.  The  exact 
life  times  of  the  metastahle  states  are  presented  and 
discussed.  The  limitations  of  the  Kramers formula  are 
given. 


INTRODUCTION. 

The  surmounting  of  a  potential  energy  harrier  hy 
particle  undergoing  Brownian  motion  plays  a  significant 
role  In  a  wide  variety  of  a  physical,  chemical  and  biolo¬ 
gy  processes,  and  the  prediction  of  a  harrier  crossing 
rates  Is  therefore  a  problem  of  considerable  theoretical 
and  practical  Importance. 

In  a  present  paper  we  consider  the  exact  life  times 
of  metastahle  states  with  different  shape,  which  were  de¬ 
rived  using  results  and  method  obtained  In  Ref.^"'*.  They 

are  summarized  briefly  In  paper  ®  of  A.N.MalaKhov  and 
N.V.Agudov. 

THE  LIFE  TIMIS  OF  METASTABLE  STATSB  IN  POTENTIAL 
PROFILES  WITH  DIFFERENT  SHAPES. 

For  the  discussion  of  the  present  paper  we  use  the 
terminology  of  the  Brownian  motion  of  particle  with  coor¬ 
dinate  X  in  potential  U(x).  The  equation  of  motion  Is  the 
Langevln  equation  In  overdamped  limit: 

(1) 

<y](t)'r\(t+'i)>=m(%),  <r)(t)>=0. 

Here  D=2kT/h  Is  Intensity  of  white  noise.  To  the  Brownian 
motion  (1 )  correspond  the  FokKer-Planch  equation  for  the 
probability  density  W(x,t): 

3fW(Xft )  _  d  T1  (^(x)  f  D  ^  w/'t  f ) 

at  “  ax  [Ti  V(x,t)  (2) 

The  Initial  and  boundary  condition  are  W(x,0}=6(x)  and 
W(±oo,t  )=o. 

Let’s  consider  dimensionless  metastahle  potential 
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profiles  with  different  shapes  u, ,  u^,  shown  on  Fig. 
1,  2,  3  accordingly: 


u,  (x)= 


3JJx)  t-2ax,  X  ^  0 
— ■ —  =■{  2ax,  0  ^  X  ^  L 
Dh  [r2a(x-2L)  ,x  >  L 


m 

p=2aL/7e2’ 


VL^(X)=- 


(X)  f  ^  ~ 

0,-L/2  <  X  <  L/2 
-]  fi,L/2  <  X  <  3L/2 
^  Ud,  X  =  3L/2 


•  U(X) 

A 

X 

( 

3  i 

Flg.1. 

'  u(x) 

\ ' 

J 

X 

-L/2  0  L/2  L  1 
Flg.2. 

3L/2 

UjX)=- 


■  u(x) 

f  (ixr^/2,  „  X 

\^(x-Lf/2,x 

^L/2  V 

»  X/2 

ZI 

P=wL^/4 


0  L 
Flg.3. 


Here  for  all  metastahle  states  X  is  the  distance  between 
minimum  and  maximum  of  potential  profile  -  the  width  of 
the  potential  barrier.  6=2U(L)/l^E/ltT  is  dimensionless 
height  of  the  barrier. 

The  life  time  of  the  metastable  state  Is  determined 
as  relaxation  time  of  the  probability  Q(t)  that  Brownian 
particle  is  to  the  right  of  the  barrier  top:  Q(t  )= 
00 

=rfffar,f;cir.  The  Laplace  transformed  probability  is 
^  00 

Q(a)=S  Q(t)exp(-at  )(it.  Using  the  formula  for  the  life 

o 

time  T  proposed  In  Ref.^: 

'Z=:ltm  (1-3Q(8))/3  (3) 

a-^0 

we  get  the  following  expressions  for  the  three  potential 
profiles  accordingly 

(4) 


(4) 

T2=i>^{4©P+3}/2  (5) 

T  3  =«^f/'er/c('-yp72“ )  }^e^%/2+2A(Vp)  }/2^  (6) 

Where  A(z)=a‘^(z)uUz),  A^(z)=z^/2I^2z'^/4!+2*4z^/6!+.  . . . 
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AUz)=rH/2  (z+z^/3! +32^/5! +...),  erfc(z)=^  exp(-x/ )au/-/il 

Z 

These  formulas  are  ezact  and  correct  for  any  rela¬ 
tion  E/ftT.  Prom  these  formulas  It  follow  that  when  the 
all  profiles  have  the  same  width  and  height  of  the 
barrier  the  life  times  of  all  metastable  states  are  dif¬ 
ferent,  hence  they  are  essentially  defined  by  shape  of 
the  profiles.  ^ 

The  piecewise  linear  potentials  u^fx;  and 

were  considered  before  In  the  literature  The  laplace 
transformed  probability  density  in  potential  u(x)=u^(x), 

which  coincides  with  corresponding  form  of  general  solu¬ 
tion  obtained  In  Ref.®,  was  derived  in  Ref.®.  But  the 
life  time  of  metastable  state  was  derived  only  In  the 
limit  of  the  large  barrier  P>1  and  In  this  case  coincides 
with  (4):  T:,=0e^eP/p^. 


In  the  Ref.®  the  Brownian  motion  in  potential  pro- 
^x)=U2(x)  was  studied.  The  ezact  life  time  t 

=«jj{4eP+4/3}/2  was  obtained.  This  expression  differ  from 

the  formula  (5)  by  the  numeric  coefficient,  because  In 

Ref.®  the  life  time  was  defined  as  the  relaxation  time  of 
the  proteblllty  ?(t)  that  particle  is  at  the  -L/2  <  x  < 
h/2,  but  not  at  X  a  i,  as  In  present  paper.  Moreover  In 

Ref.®  Initial  condition  Is  the  equal  probability  density 
in  potential  well  {-L/2  <  x  <  L/2)  what  also  differs  from 
accepted  here. 

In  order  to  analyze  the  exact  life  times  given  by 
forn^as  (4)- (6),  we  consider  its  dependence  on  barrier 
width  L,  height  B  and  temperature  ftT. 

The  value  L  enters  into  all  expressions  equally  in 

factor  ‘9^=L^/D.  It  was  shown  In  Ref.^  that  is  a  time 

of  the  probability  distribution  spreading  in  absence  of 
the  potential  barrier,  when  U(x)=conat.  If  we  chanra  the 
barrier  width  at  E=conat,  UT=const,  then  only  change. 

Thus,  we  can  confirm,  that  the  shape  of  metastable  po¬ 
tential  doesn’t  influence  on  the  life  time  dependence  on 
barrier  width.  The  life  time  of  the  metastabfe  state  Is 

alw^s  proportional  to  the  The  slope  of  potential 
walls  chai^  together  with  L. 

V.  ^  consider  the  influence  of  the  barrier 
height  B  on  tte  life  time  of  the  metastable  state.  If  the 
temperature  bT=ccm8t  we  can  change  the  barrier's  height  E 
by  two  ways:  First  -  by  L=con3f,  then  the  slope  po¬ 
tential  profile  walls  is  changed,  in  ’’trlangul^"  poten- 
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tial  metastable  state  the  slope  Is  characterized  hy  value 
a  and  In  "parahollc"  metastabie  state  -  by  w.  In  "rectan¬ 
gular"  ("step  like")  metastable  state  the  walls  slope  Is 
always  Infinite  and  doesn't  change.  The  second  way  to 
chan^  the  barrier  height  Is  to  fix  the  slope  of  the  po¬ 
tential  profile  walls  and  to  change  the  barrier  width. 

levs  consider  the  first  way  to  change  E:  kT=con8t, 
X=const.In  this  case  the  changing  of  dimensionless  height 
p=E/ftT  correspond  to  the  barrier  height  changing  in  (4)- 
(6).  The  functions  x(P)  for  the  three  metastabie  states 
are  absolutely  various,  since  the  Influence  of  potential 
profile  shape  is  essential.  „ 

In  the  limit  of  the  high  barrier  eP»6  from  the  for¬ 
mulas  (4)-(6)  we  can  get  accordln^y: 


i:,=8©^eP/p2 

(7) 

(8) 

•C3=©^iceP/p 

(9) 

Here  Is  the  same  factor  e^  In  all  three  life  times. This 
factor  Is  consequence  of  the  large  barrier.  Together  with 
It  the  distinctions  caused  by  the  different  potential 
profiles  shape  are  remain  In  prefactors.  Thus,  from  the 
lonnulas  (7)- (9)  It  follows  that  In  the  case  L=conat, 
RT=const  the  potential  profiles  shape  essentially  affects 
the  barrier  height  E  dependence  of  the  life  time  even  If 
E^RT. 

We  consider  now  the  second  way  to  change  barrier 
hel^t  E:RT=conat,  {i}=con3t,  a=con3t  -  the  slope  of  poten¬ 
tial  walls  Isn't  changed,  let's  rewrite  the  formulas  (4)- 
(6)  as: 

x^=[4e  -ft^3]/2Da^=l  t^[4e  ®p-3J  (10) 

x^=l^[4e^+3]/2]>=&b^l4e^+3]  (11) 

x^=2[  fer/cr-yp/F" ;  ;^ePic/2+24('yp;  j/(uD=  (12) 

=2«3  [{erfc(-y^7s' )}^e^%/'2+2A(yf)i, 

The  changing  of  the  barrier  hel^t  in  formulas  (10)- (12) 
correspond  to  the  changing  of  the  parameter  6=E/RT.  One 
can  show,  that  the  times  entering  Into  the 

all  formulas  (10)-(12),  is  the  relaxation  times  In  V- 
shaped  (u(x)=2a\x];  =1/Dc^),  rectangular  (u(x)=0  ythen 
-E/2<x<L/2,  u(±iy2)=m;  =  L^/12D)  and  parabolic 
(u(x)=isa^/2',  ©3  =1/(AD)  potential  wells.  If  we  take  such 
potentials  u,,  u^,  that  the  times  ©,  =©g  =©^  =©  ,  than 
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the  distinctions  between  life  times  of  considered  meta¬ 
stable  states  remain  only  In  expressions  put  In  square 
brackets  In  formulas  (10)-(12). 

In  the  limits  of  hlj^  and  low  barrier  from  the 
formulas  (10)- (12)  it  follows  that 


If  p«1 

%^=2^(%/2+2p-h..,) 


If 

%^=2'0e^ 

%^=246e^ 

t3=4ii?9e^ 


l.e.  the  life  times  of  metastable  states  are  distinct 
only  by  numeric  coefficients. Thus,  when  a^conat,  w=oanat, 
kT^conat  the  shape  of  potential  profile  Influence  on 

barrier  hel^t  dependence  of  life  time  only  when  Bf*kT 
(Pr<1).  In  me  limit  cases  of  low  and  hl^  barrier  the 

life  time  equal  to  T:=^(’I+mp)  and  't=n'0  accordingly, 

where  l,m  and  n  are  numeric  coefficients. 

Now  let’s  consider  the  teimeratupe  dependence  of  the 
metastable  states  life  times,  ror  It  we  rewrite  the  for¬ 
mulas  (4)- (6)  In  the  following  form: 

T,=^^f4eP-p-3J/p  (13) 

t^=^^{4eh3}p/4  (14) 

)]^e^%/2+2A(Vp)}/4  (15) 


Here  ifg=hL^/E  Is  the  time  which  doesn’t  depend  on  the 

temperature.  If  the  dimension  potential  profile  U(x) 
doesn’t  change  but  temperature  change,  then  In  formulas 
(13)- (15)  will  change  only  p-E/kT.  « 

When  the  temperature  Is  small  e^»p  (ftTcE^3)  the 
formulas  (13)-(14)  transfer  into: 

T,=«24eP/p  t,/e^~1/p  (16) 

x^/eP-p  (IT) 

x^=«g‘iceP/2  %^e^~con8t  (18) 

Prom  the  (16)-(18),  one  can  see,  that  In  this  limit  case 
there  Is  Important  difference  In  functional  dependence  of 
the  considered  life  times  on  the  Inverse  temperature. 
These  differences  as  at  (9) -(11)  contain  In  prefactors. 

The  functions  x(p;  In  (13)-(15)  distinct  one  from 
other  more,  when  the  temperature  Is  hlgh:p«*l  •  If  means 
that  Influence  of  the  potential  profile  shape  on  the 
metastable  state  life  time  grows  with  temperature. 
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2.THE  LIMITATIONS  OF  THE  KRAM131S'  FORMULA. 

It  Is  well  known  that  Kramers  In  Ref.'^  was  first, 
who  approximately  solved  the  life  time  problem.  The  meta¬ 
stable  potential  profile  t£(x)  considered  in  Ref.^  have 
the  parabolic  dependence  near  the  well  bottom 

and  the  barrier  top  {\i(x)=-{ii^/2).  If 
03^  =<0^=0),  then  the  Kramers'  escape  rate  r,  which  Is  Inver¬ 
se  from  the  life  time  r=%~^  equal  to 

r=MiDe~^/4%  (19) 

This  formula  was  derived  In  the  large  barrier  approxima¬ 
tion  E»ftT,when  the  probability  distribution  and  probabi¬ 
lity  current  through  the  barrier  are  stationary. 

From  the  above  mentioned  exact  result  (6)  It  follows 
that  Kramers’  formula  (19)  correct  only  for  the  "parabo¬ 
lic"  metastable  potential  profile  u(x}=u^(x),  and  the 

barrier  may  be  considered  as  high  when  (E^kT), 

while  In  Ref."^  was  assumed  E»ftT. 

Moreover,  as  one  can  see  from  (4), (5),  Kramers’  for¬ 
mula  doesn’t  correct  even  In  the  limit  of  the  hl^ 
barrier  If  the  shape  of  potential  barrier  or  well  differ 
from  parabola.  The  distinction  between  life  times  of 
metastable  states  with  different  potential  profile  shape 
display  Itself  In  temperature  dependence  of  prefactor. 
For  considered  "triangular"  and  "step  like"  metastable 
states  the  prefactor  dependence  on  the  temperature  Is 
absolutely  different  (1/p  and  0  accordingly).  Thus,  Kra¬ 
mers’  formula  doesn’t  correctly  reflect  the  temperature 
dependence  for  nonparabollc  potential  profiles. 

The  absence  of  the  preractor  temperature  dependence 
In  the  Kramers’  formula  Is  consequence  of  linearity  of 
the  starting  Langevln  equation  (1 )  near  the  potential 
well  bottom  and  the  barrier  top.  The  Langevln  equation 
(1 )  for  nonparabollc  potential  profiles  Is  nonlinear.  It 
explain  the  appearing  of  the  prefactor  temperature  depen¬ 
dence  In  expression  for  the  life  time. 
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ABSTRACT 

We  present  a  Monte  Carlo  investigation  on  the  influence  of  a  non¬ 
equilibrium  phonon  population  (hot  phonons)  on  second-order  transport  pro¬ 
perties  in  GaAs.  We  calculate  the  velocity  and  energy  correlation  functions 
both  for  the  case  with  and  without  phonon  perturbation.  The  results  show  sig¬ 
nificant  modifications  in  the  correlation  functions  and  consequently  an  increase 
of  the  equivalent  noise  temperature  due  to  the  presence  of  hot  phonons. 

INTRODUCTION 

In  this  paper  we  analyze  the  effect  of  a  non-equilibrium  phonon  population 
(hot  phonons)  on  the  charge- carrier  fluctuations  in  polar  semiconductors  due 
to  the  presence  of  an  applied  electric  field  E.  In  such  a  situation,  the  optical- 
phonon  population  cannot  be  described  properly  by  the  Planck  distribution  at 
thermal  equilibrium.  Indeed  the  strong  carrier-LO -phonon  coupling  can  lead 
to  very  fast  emission  rates  of  phonons  by  the  carriers  and,  since  the  decay  due 
to  phonon-phonon  interaction  is  a  slower  process,  to  substantial  LO-phonon 
amplification  even  at  room  temperature^’^. 

THEORETICAL  MODEL 

We  consider  the  case  of  electrons  in  a  GaAs  bulk  system,  described  by  a 
simple  parabolic  two  valley  (F  and  L)  modeP,  in  the  presence  of  an  applied 
electric  field,  where  the  only  scattering  mechanisms  are  with  ionized  impurities, 
LO  and  intervalley  phonons.  The  case  of  scattering  with  remote  ionized  impu¬ 
rities  is  approximated  in  our  bulk  model  by  taking  the  carrier  density  rig  and 
the  ionized-impurity  concentration  n,  as  independent  variables.  It  is  known^ 
that  the  effects  of  the  LO-phonon  disturbances  on  carrier  kinetics  are  more  pro¬ 
nounced  in  the  low-field  than  in  the  high-field  case,  and  that  they  increase  with 
decreasing  lattice  temperature.  For  these  reasons,  here  we  analyze  the  field 
region  below  threshold  for  negative  differential  mobility  at  77  K.  From  an  en¬ 
semble  Monte  Carlo  simulator  we  calculate  the  auto- correlation  functions  of  the 
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drift  velocity  (i.e.  the  velocity  component  along  the  field  direction)  and  of  the 
energy  and  the  cross-correlation  functions,  both  for  the  case  with  and  without 
phonon  perturbation,  by  using  a  standard  numerical  algorithm^.  To  evaluate 
the  influence  of  the  hot  phonons  on  the  interparticle  correlation,  we  compare  an 
ensemble  and  a  single-particle  picture. 

RESULTS  AND  DISCUSSION 


The  results  of  the  correlation  functions  for  an  electric  field  of  2kV/cm^  are 
reported  in  Fig.  1.  Here  we  use,  for  the  correlation  functions,  the  shorthand 
notation  =  ^A(0)6'H(f),  with  SB{t)  :=  B[t)  —  H,  the  bar  indicating 

time  average,  where  A  and  B  stay  for  the  variable  drift  velocity  V  or  energy 
£.  Futhermore,  we  report  the  correlation  functions  associated  with  a  single  car¬ 
rier  i  as  To  be  compared  with  the  results  of  the  ensemble  simulation 

^AiBi  must  be  divided  by  the  total  number  of  carriers  N,  since,  in  the  absence 
of  carrier-carrier  interaction  ^ab  =  ^AiBi/N.  In  the  velocity  case.  Fig.  1(a), 
the  presence  of  hot  phonons  results  in  a  significant  increase  of  ^vv"(0)  whereas 
its  time  dependence  remains  practically  the  same.  The  increase  of  $vf(0)  is 
attributed  to  an  increase  of  the  carrier  mean  energy  due  to  a  strong  reabsorp¬ 
tion  of  previously  emitted  phonons  by  carriers.  This  reabsorption  process  does 
not  influence  the  time  dependence  of  ^yy{t)  because  of  the  forward  nature  of 
the  scattering  cross-section  which  inhibits  the  coupling  among  the  velocities  of 
different  carriers.  The  situation  is  opposite  in  the  energy  case  (see  Fig.  1(b)), 
because  the  strong  reabsorption  of  emitted  phonons  induces  a  coupling  among 
the  energies  of  different  carriers.  Here,  in  addition  to  a  significant  increase  of 
^££■(0)  we  find  a  relevant  modification  in  its  time  dependence  due  to  the  pres¬ 
ence  of  hot  phonons.  Moreover,  the  consequences  of  the  carrier-carrier  coupling, 
are  clearly  shown  by  the  different  results  displayed  by  the  ensemble  and  single¬ 
particle  picture.  The  slowing  down  in  the  hot-phonon  case,  confirms  the  trend 
pointed  out  by  measurements^  and  calculations^’^  on  the  thermalization  of  pho- 
toexcited  carriers  in  bulk  and  quantum  well  systems:  a  significant  reduction  in 
the  decay  rates  of  carrier  energy  induced  by  the  reabsorption  of  hot  phonons. 
The  above  considerations  apply  also  to  the  cross-correlation  functions,  shown 
in  Fig.  1(c).  (Here  the  positive  time  scale  gives  ^yf(t),  while  the  negative 
^£y(^)  =  ^V5(~^))-  To  evaluate  the  effects  induced  by  the  hot  phonons  on  the 
electronic  noise,  we  calculate  the  equivalent  noise  temperature  in  the  direction 
of  the  field,  As  found  above,  the  velocity  auto-correlation  function  remains 

the  same  for  the  ensemble  and  single-particle  picture;  in  other  words,  from  the 
velocity  point  of  view,  the  carrier-carrier  correlation  can  be  neglected.  This 
implies  that  T,^||  is  given  by®: 


where  e  is  the  electron  charge,  Kb  the  Boltzmann  constant  and  ^\E)  the  dif- 
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ferential  mobility.  Figure  2  shows  the  noise  temperature  versus  the  electric  field, 
for  different  carrier  and  impurity  concentrations,  as  calcidated  with  and  without 
hot  phonons,  in  comparison  with  existing  experimental  data^.  The  uncertcdnty 
of  the  calculations  is  comparable  with  that  of  experiments,  and  estimated  to  be 
at  most  20%.  For  a  carrier  concentration  of  3  X  10^^  cm~^  corresponding  to 
the  same  impurity  concentration  (all  impurities  ionized),  we  compare  the  ex¬ 
perimental  results  (full  circles)  with  the  Monte  Carlo  calculation  (continuous 
line),  to  check  the  reliability  of  the  theoretical  model,  by  obtaining  a  reasonable 
agreement.  In  this  condition,  due  to  the  low  carriers  concentration,  there  are 
no  hot-phonon  effects.  The  Monte  Carlo  results  for  a  carrier  concentration  of 
10  cm  ^  in  the  presence  of  negligible  residual  impurity  scattering  are  shown, 
with  (dotted  line)  and  without  (dashed  line)  phonon  perturbation.  In  this  case 
the  hot-phonon  population  is  found  to  induce  a  significant  rise  in  the  noise  tem¬ 
perature,  which  becomes  more  pronounced  at  higher  fields.  This  excess  noise 
contribution  is  due  to  a  further  increase  of  the  carrier  mean  energy  associated 
with  the  presence  of  hot  phonons. 

CONCLUSIONS 

We  have  presented  a  Monte  Carlo  investigation  on  the  influence  of  hot 
phonons  on  second-order  transport  properties  of  n-type  GaAs,  At  increasing 
electric  field  strengths  we  find  a  relevant  increase  of  the  velocity  variance,  which 
is  responsible  for  an  increase  of  the  noise  temperature.  Moreover,  the  presence  of 
the  phonon  perturbation  modifies  the  time  dependence  of  the  energy  correlation 
functions  because  of  the  carrier- carrier  coupling  induced  by  the  reabsorption 
of  previously  emitted  phonons.  New  experiments  are  suggested  to  confirm  the 
above  calculations.  This  work  is  partially  supported  by  the  Commission  of 
European  Comunity  (CEC)  and  the  Italian  National  Research  Council  (CNR). 
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Fig.  1  -  Correlation  functions  in  GaAs 
at  77  K  for  an  electric  field  of  2kV/cm, 
a  carrier  concentration  —  10^^  cm  , 
Tii  -  0,  as  fimction  of  time,  obtained  from 
the  Monte  Carlo  simulations.  Continuous, 
dashed  and  dotted  lines  refer  respectively 
to  the  many  particle  correlation  function 
with  hot  phonons,  to  the  single  particle 
correlation  function  divided  by  the  to¬ 
tal  number  of  carrier  with  hot  phonons 
and  to  the  many  particle  correlation  func¬ 
tion  without  hot  phonons.  Figure  1(a) 
reports  the  velocity  correlation  function, 
Fig.  1(b)  the  energy  correlation  fimction 
and  Fig.  1(c)  the  cross-correlation  func¬ 
tions  between  velocity  and  energy. 


Fig.  2  -  Equivalent  noise  temperature 
in  the  direction  of  the  electric  field  in 
GaAs  at  77  K,  as  a  function  of  the  field. 
Curves  refer  to  Monte  Carlo  calculation: 
m  =  rie  -  3  X  10^^  cm”^  without  hot- 
phonons  (continuous  line),  n,  =  0  emd 
Tie  =  10^^  with  (dotted  line)  and 

without  (dashed  line)  hot  phonons.  Sym¬ 
bols  (full  circles)  reports  experimental  re¬ 
sults  from  Ref.  [7],  for  n{  =  rie  =  3  X  10^^ 
cm~^. 


Field  (kV/cm) 


STOCHASTIC  RESONANCE  IN  OPTICAL  BISTABLE  SYSTEMS 

Roland  Bartussek,  Peter  Jung  and  Peter  Hanggi 
University  of  Augsburg,  W-8900  Augsburg,  Germany 

ABSTRACT 

We  investigate  cooperative  effects  of  noise  and  periodic  forcing  in  an  optical 
bistable  system.  It  has  been  demonstrated  in  a  recent  experiment  ^  that  noise 
induced  switching  between  low  and  high  output  intensity  can  be  synchronized 
via  the  stochastic  resonance  effect  by  a  small  periodic  modulation  of  the  input 
intensity.  Here  we  present  theoretical  results  for  stochastic  resonance  in  optical 
bistable  systems. 

MODEL  AND  BASIC  EQUATIONS 

A  model  for  optical  bistability  was  introduced  by  Bonifacio  and  Lugiato 
For  the  amplitude  y  of  the  input  light  and  the  transmitted  amplitude  a:,  they 
have  derived  the  equation  of  motion 

^  =  +  (1) 

where  P  represents  ^-correlated,  Gaussian  distributed  noise  with  zero  mean.  A 
weak  periodic  modulation  of  the  input  intensity  is  taken  into  account  by  adding 
a  periodic  term  to  y,  i.e.  y  ^  y  Asm{^t  +  i/j).  For  the  probability  density  of 
the  transmitted  amplitude,  P(x,Q,  we  find  the  Fokker-Planck  equation 


5  ,  d  \  2cx 


dx^  (1  +  T' 


-P{x,t)^ 


The  spectral  density  of  the  transmitted  amplitude  has  ^-spikes  at  multiples 
nQ,  of  the  driving  frequency  ^  with  the  corresponding  weights  Wn  being  a  measure 
for  the  output  power  at  the  frequency  nfl.  They  can  be  expressed  in  terms  of 
the  Fourier  coefficients  of  the  time  periodic,  asymptotic  mean  value  ^ 

r  TT ' 

E  \M„\exp^m{nt  +  tp  +  ip„)-i-^  (3) 


u)„  =  2;r|M„| 
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AMPLIFICATION  OF  THE  OPTICAL  SIGNAL 


The  amplification  of  the  periodic  signal  is  given  by  the  ratio  of  the  trans¬ 
mitted  power  at  the  driving  frequency  and  the  input  power  '* 


??i(fl)  =  4 


lAfiP 

A2  ■ 


(5) 


The  numerically  calculated  results  for  t,,  are  shown  in  Figs.l  for  various  frequen- 
cies  by  the  solid  lines.  Fig.la  corresponds  to  choosing  the  dc  input  intensity  y 
sucli  that  F[x,  t)  shows  two  peaks  of  nearly  equal  height  in  the  limit  D  ->  0  what 
we  call  the  "symmetric  case”.  Fig.lb  corresponds  to  a  ’’asymmetric  case”,  where 
the  peaks  of  the  stationary  probability  have  different  probabilistic  weights 


Fig.  1:  Spectral  amplification  Vi  at  c  =  6,  A  =  10“^  for  y  =  6.72584  (a)  and 
y  =  6.8  (b).  Curve  1  corresponds  to  H  =  IQ-',  curve  2  to  10"^  curve  3  to 
10  and  curve  4  to  10“‘‘.  The  dotted  lines  correspond  to  results  within  linear 
response  approximation  (Eqs.  (6)  -  (8)). 


In  the  symmetric  case  we  observe  stochastic  resonance  ^  very  much  like  in  the 
quartic  double  well  potential,  i.e.  a  peak  in  the  amplification  of  the  signal  (mod- 
ulation)  as  a  function  of  the  noise  intensity  when  the  sum  of  the  mean  sojourn 
times  in  both  stable  states  equals  the  period  of  the  driving  (these  values  of  D 
are  indicated  as  vertical  dashed  lines  in  Figs.l). 

In  the  asymmetric  case,  the  peak  of  the  amplification  is  suppressed,  because 
-  in  contrast  to  the  symmetric  case  -  the  corresponding  contribution  (i.e.  the 
’"’sig  9t  in  Eq.  (8))  of  hopping  motion  to  the  response  of  the  system  disap¬ 
pears  exponentially  for  small  noise.  The  remaining  maximum  is  only  the  tail  of 
tne  amplincation  by  synchronisation  at  large  noise. 

The  numerical  results  are  compared  in  Figs.l  with  those  obtained  within 
linear  response  approximation  (dotted  lines).  In  this  approximation  we  find 
in  terms  of  the  response  function  R(t) 


/oo 

^  R(t  —  f  )A  sin(flF  -\-  ^)df'  —  j  xPst{x)dx, 


(6) 
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with  the  stationary  solution  Pst{x)  of  the  undriven  system.  The  response  function 
R{t)  is  expressed  via  a  fluctuation  theorem  by  a  correlation  function  K{t)  of  the 
undriven  system 

=  =  (7) 

with  h{x)  =  T  i  -(_  2a:  +  is  approximated  by  a  sum  of  exponentials 

with  the  typical  time  scales  of  the  system  Aj  and  Ai^2  -  stemming  from  hopping 
and  local  motion  in  the  potential  wells  respectively,  i.e. 

(S) 

t=l,2,T 

The  weights  gi  are  determined  by  the  correlation  function  K{t)  and  its  deriva¬ 
tives  at  t  =  0. 

GENERATION  OF  HIGHER  HARMONICS 

The  generation  of  the  n-th  harmonic  in  the  output  due  to  the  nonlinearities 
is  characterized  by  the  ratio 

^„(n)=4^,  (9) 

The  second  harmonic  depends  on  the  noise  strength  as  shown  for  the  symmetric 
and  asymmetric  case  in  Figs. 2.  In  the  symmetric  case  (Fig. 2a)  a  ”dip”  appears 
which  becomes  sharper  with  decreasing  frequencies.  In  the  asymmetric  case 
(Fig. 2b)  we  do  not  observe  such  a  behaviour. 


Fig.  2:  Higher  harmonic  7/2,  parameters  as  in  Figs.l. 


For  the  third  harmonic,  773,  we  find  a  smooth  curve  in  the  symmetric  case  and  a 
dip  in  the  asymmetric  case. 

We  have  confirmed  the  results  for  the  higher  harmonics  within  an  adiabatic 
approximation,  valid  for  small  driving  frequencies. 
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Fig.  3:  Phase  shifts,  parameters  as  in  Figs.l. 

PHASE  SHIFT  OF  THE  OUTPUT  SIGNAL 

In  Figs. 3,  the  phase  shifts  of  the  first  and  second  harmonic  of  the  asymptotic 
mean  value  are  shown  for  the  symmetric  (Figs. 3a  and  3c)  and  asymmetric 

case  (Figs. 3b  and  3d).  The  results  within  linear  response  theory  are  shown  by 
dotted  lines.  The  phase  shift  in  the  symmetric  case  looks  like  in  the  quartic 
model:  The  maximum  results  from  the  competition  between  internal  motion 
and  hopping  processes.  In  the  asymmetric  case  the  maximum  is  suppressed  for 
small  frequencies  because  the  hopping  disappears  at  small  noise  strength. 

At  values  of  D,  for  which  a  dip  in  a  higher  harmonic  appears,  the  correspon- 
ing  phase  shift  approaches  a  step  function  for  small  frequencies. 
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CORRELATED  HOPPING  AND  TRANSPORT  IN  TILTED  PERIODIC 

POTENTIALS 


PETER  JUNG 

University  of  Augsburg,  W-8900  Augsburg,  Germany 
ABSTRACT 

We  consider  the  transport  of  a  Brownian  particle  in  a  periodic  potential  via  corre¬ 
lated  jumps  ,  i.e.  due  to  direct  transitions  between  non-adjacent  potential  wells.  We 
evaluate  distributions  of  jump  sizes  with  and  without  an  external  field  and  its  depen¬ 
dence  on  the  friction  constant. 

INTRODUCTION  AND  BASIC  EQUATIONS 

Diffusion  of  adatoms  plays  an  important  role  for  epitaxial  growth  and  surface  melt¬ 
ing  ^  Very  mobile  adatoms  in  a  fluid  like  phase,  move  in  a  layer  on  the  surface  of  or¬ 
dered  bulk  material  still  feeling  the  remnants  of  crystalline  symmetry  .  The  motion 
of  the  adatoms  on  the  surface  is  modeled  by  the  underdamped  Brownian  motion  of  a 
particle  in  a  two  dimensional  periodic  potential^*  Neglecting  the  interaction  between 
the  adatoms,  we  can  describe  this  motion  by  the  Fokker-Planck  equation  for  the  joint 
probability  density  for  the  adatom  being  at  the  position  x  and  having  the  velocity  v, 
i.e. 


^^%^  =  -(2-VjP--(V,V(i))V„/>  +  V,-y-pP  +  ^V,rV,P  . 

dt  m  =  m  =  vi; 

The  friction  tensor  y  is  assumed  to  be  isotropic  and  constant.  The  potential  is  peri¬ 
odic,  i.e.V(x)  =  +  , where  g.  are  rectangular  lattice  vectors.  Approximating 

the  potential  by  its  two  lowest  Fourier  coefficients  plus  a  tilt  (external  dc  field),  i.e. 
y(x)  =  -d^  cosx  -I-  dy  cosy  -f  C/x,  we  arrive  at  two  independent  Fokker-Planck  equa¬ 
tions  for  the  diffusion  on  the  surface  in  x  -  and  y  -  direction.  For  the  x  -  direction 
we  find  in  a  proper  normalized  form 

dP(x,Vyt)  _ — — i,p(x,v,t)  + -^(yo  + sin x  +  U)P{x,vd)-^  yD-^Pix^vd)  .  (2) 
dt  dx  dv  dv 

The  spatial  periodicity  of  the  Fokker-Planck  operator  in  (2)  implies  eigensolutions  of 
Bloch-type^,  i.e. 

u^j^(x,v,t)  =  exp(-X^j^t  +  ikx)^^i,ix,v)  ,  (3) 
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where  (p^ix^v)  =  +  2;r,z;)  and  k  is  taken  from  the  first  (symmetric)  Brillouin 

zone,  i.e.  -1  /  2  <  ^  <  1  /  2.  Similar  than  in  the  quantum  theory  of  solids,  the  eigenval¬ 
ues  are  arranged  in  bands  with  a  discrete  band  index  cr  and  a  quasi-continuous  index 
k.  In  Fig.l,  we  show  the  numerically  evaluated  lowest  three  real  valued  bands  of 
eigenvalues  for  y  =  2  and  D  =  0.5. 


Fig.lrThe  Bloch-band  structure  of 
eigenvalues  of  the  Fokker  opera¬ 
tor  is  shown  for  D=0.5  and  7  =  2. 


k 

Fig.2:The  lowest  lying  bands  of  eigen¬ 
values  I>=0.5  and  several  values  of 
the  damping  7. 


CORRELATED  HOPPING  TRANSPORT  WITHOUT  AN  EXTERNAL  FIELD 


Neglecting  quantum  effects,  noise  induced  hopping  is  the  relevant  transport  mecha¬ 
nism  of  adatoms  on  the  surface.  For  weak  fluctuations,  hopping  between  surface 
traps  is  the  slowest  relaxation  process  and  is  therefore  described  by  relaxation  modes 
corresponding  to  the  lowest  lying  band  of  eigenvalues  A,  see  Fig.  lb) 

The  hopping  transport  between  two  non-adjacent  traps  can  be  attributed  to 
two  different  mechanisms.  First,  there  is  an  indirect  hopping  mechanism  where  the 
adatoms  jump  successively  between  adjacent  traps.  Such  a  purely  diffusive  hopping 

process  can  be  described  appropriately  by  the  master  equation  for  the  populations  in 
the  traps 


W  =  W +  +  /•_)/>„ (0  ,  (4) 

where  the  next  neighbor  transition  rates  may  be  obtained  from  standard  rate  theo¬ 
ries  .  Using  periodic  boundary  conditions,  i.e.  =  />„(«),  one  obtains  for  the 

eigenmodes =  exp(-A„r)c<'”>  without  an  external  field(r  =r  =r) 
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We  observe  from  (5)  that  the  eigenmode,  corresponding  to  the  relaxation  rate 
r^(s)  =  (l/  describes  a  spatial  relaxation  extended  over  1/  (2k^)  periods  of 
the  potential. 

In  systems  with  inertia  effects,  i.e.  for  weak  damping,  direct  hopping  trans¬ 
port  between  non-adjacent  traps  becomes  important.  The  relaxation  rates 
corresponding  to  relaxation  processes  extending  over  ^  potential  wells,  including 
direct  and  indirect  processes,  are  determined  by  the  eigenvalues  ^a=ok=y(,2s)  of  the 
full  Fokker-Planck  equation  (2).The  relaxation  rate  between  adjacent  traps  is  given 
in  this  notation  by  the  lowest  lying  eigenvalue  at  the  zone  boundary  of  the  first 
Brillouin  zone,  i.e.  r  =  (1  /  -The  direct  relaxation  rates  over  s  wells  are 

then  obtained  by  subtracting  the  indirect  rates  from  the  the  eigenvalues 


a=0k=l/(2s) 


(6) 


The  Bloch-eigenvalues  -^<y=ofc=i/(25+i)  cannot  be  related  to  jump  processes  with  a  sin¬ 
gle  jump  size.  They  correspond  to  processes,  where  the  system  relaxes  simultane¬ 
ously  over  several  channels. 

The  distribution  of  jump  sizes  is  up  to  a  normalization  factor  also  given  by  (6).  It  is 
shown  for  /=0.1  and  /)  =  0.25  in  Fig.2.  The  jump  size  distribution  shows  a 
maximum  which  is  shifted  for  decreasing  damping  to  larger  values  of  the  jump  size 
s.  For  the  value  of  the  damping  y  =  0.1  chosen  in  Fig.2,  the  next  neighbor  transition 
rate  r  exceeds  the  correlated  relaxation  rates  by  one  order  of  magnitude.  For  smaller 
damping,  however,  they  become  comparable.  It  is  this  very  regime,  where  Ferrando 
et  al^  found  that  the  dynamical  structure  factor  obtained  from  neutron  scattering 
experiments  can  not  be  explained  by  theories  for  surface  diffusion  which  do  not  take 
into  account  correlated  jumps.  It  is  further  interesting  to  note,  that  for  large  s,  the 
jump  size  distribution  decays,  in  agreement  with  the  indirect  transition  rates  (crosses 
in  Fig.  2),  with  the  power  law  This  implies  that  the  jump  size 

distribution  is  normalizable,  but  not  all  moments  exist. 


CORRELATED  HOPPING  TRANSPORT  WITH  AN  EXTERNAL  FIELD 

Similar  than  in  the  situation  without  an  external  field,  we  first  have  to  find  an  expres¬ 
sion  for  the  indirect  relaxation  rates.  The  master  equation  approach  (5)  yields  the 
complex  valued  eigenvalues  with  the  real  parts 

=2(r.  +r_)sin'(20  = 

.  m  r  (7) 


where  m  has  to  be  taken  from  the  first  Brillouin  zone.  The  direct  transition  rates  are 
then  obtained  by  subtracting  the  indirect  transition  rates  from  the  numerically  evalu- 


668  Correlated  Hopping  and  Transport 


ated  lowest  lying  band  of  eigenvalues.  The  results  are  shown  for  a  constant  tilt  of 
U  =  0,2  and  decreasing  damping  in  Fig.3.  For  7  =  0.2  ,  the  solution  of  the  determin¬ 
istic  equation  (equivalent  with  the  zero  noise  limit  of  (2)) 

+  7^  +  sin  jr  4- 1/  =  0  (8) 

approaches  a  fix  point  within  a  potential  well  (locked  state).  For  7  =  0.1 ,  the  coexis¬ 
tence  of  a  running  with  a  locked  solution^  generates  bistable  behavior.  The  choice 
7  =  0.05  selects  a  situation,  where  only  the  running  solution  is  globally  stable^.  In 
the  dynamical  bistable  regime  (7  =  0.1  ),  we  observe  a  power  law  decay  of  the  jump 
size  distribution,  i.e.  r^(s)  ^  s“'^,with  a  <2,  within  a  finite  range  of  jump  sizes.  For 
decreasing  damping,  this  range  strongly  increases.  For  large  jump  sizes,  however, 
the  jump  size  distribution  eventually  approaches  its  asymptotic  dependence  propor¬ 
tional  to  .  Passing  the  transition  to  the  regime  of  globally  stable  running  states 
(7  =  0.05)  the  jump  size  distribution  approaches  a  constant  for  large  5 . 


Fig.2:The  jump  size  distribution 

rj(s)foT  7  =  0.1  and  D  =  0.25  is 
compared  with  the  indirect  jump 
rates  (5) 


Fig.3:The  jump  size  distribution  is 
shown  for  the  external  field 
U  =  0.2  for  decreasing  damping. 
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NONSTATIQNARY  BROWNIAN  MOTION  IN  BI  AND  TRI-ST^^ 
POTENTIAL  PROFILES.  THE  RELAXATION  TIME  AND  ESCAPE 
RATE  UNDER  ANY  PERTURBING  NOISE  INTENSITY. 


A.N.MalaKhov,  N.V.Agudov. 

State  TMlverslty,  N. Novgorod  603600,  Russia. 

ABSTRACT 


THe  exact  time  cHaractsrlstlcs  of  the  nonstatlonary 
diffusion  In  hi-  and  trl-stahle  potential  profiles  having 
different  shape  are  determined.  The  relaxation  times,  the 
life  times  oi  metastahle  states  and  escape  rates  obtained 
here  are  valid  for  arbitrary  relation  between  activation 
energy  and  perturb!^  noise  Intensity. 

INTRODUCTION 

The  diffusion  of  Brownian  particles  m  potential 
profiles  provides  a  useful  model  to  understand  the  rop 
of  fluctuations  In  driving  an  unstable  system  towards 
equilibrium  and  In  transitions  across  a  potential 
barrier.  This  old  Kramers’  problem  Is  significant  In  a 
variety  of  fields  In  biology,  chemistry  and  physics.  A 
detailed  survey  of  Kramers^ problem  has  been  published, 

^e  main  problem  difficulty  Is  to  obtain  analytic 
results  for  various  potential  profiles.  For  this  reason 
the  solvable  models  of  potential  profiles  are  very 
useful.  The  such  models  are  e.g.  piecewise  linear  poten¬ 
tial  profiles,  the  particular  cases  of  which  are  consi¬ 
dered  In  ^  ,  4_6 

In  this  paper  on  the  basis  of  our  previous  works 
the  exact  time  characteristics  of  the  nonstatlonary 
diffusion  In  bl-  and  trl-stable  potential  profiles  with 
different  shape  are  represented. 

THE  PROBL0I  APPROACH. 

We  consider  an  overdamped  Brownian  motion  subjected 
to  Langevln  equation 

Where  h  -  viscosity,  U(x)  potential  prof  lie, -rjCt;  -  stati¬ 
onary  white  noise  with  correlation  function 

D^zwa/h.  The  corresponding  Fokker- 
Planck  equation  for  the  probability  distribution  Is 
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The  Initial  and  boundary  condition  are  W(x,0)=Q(x)  and 
W(±oo,t)=0.  For  the  Laplace  translorm  Y(x,s)=Y(x) 

00 

=  J  W(x,t)e  the  eq.(l)  leads  to 

O 


^  ®  •  ^2) 

where  B=2/D,'^=sB,u(x)=4J(x)/M!-61men8loDless  potential 

profile,  u(0)=0,  Y(±oo)=o. 

The  exact  solution  of  the  eq.  (2),  for  the  stepwise 
rectangular  profile  and  for  the  piecewise  linear  profile 
with  arbitrary  number  of  potential  Jumps  tmd  linear  parts 

Is  obtained  In  and  ®  respectively.  These  solutions 
for  different  profiles  are  used  to  calculate  the  Laplace 

transform  Q(8)=Jy(x,s)dx=jQ(t)e~'^^dt  of  the  probability 

^  A  o 

Q<'t;=JTr('j',t;(ir’for  the  diffusing  particles  to  be  in  an 

A 

Interval  A. 

The  relaxation  time,  l.e.  the  time  of  transition 
from  W(x,0)=!5(x)  to  a  stationary  probability  dlsti'lbutlon 
W(x,a>)0O  In  the  given  potential  profile  Is  defined  as  the 
evolution  time  of  a  function  Q(t)  changing  from  Q(0)  to 
Q(a>). 

In  accordance  with  the  relaxation  time  is 
determined  as 


%  =  j[Q(oo)-Q(t)]dt/lQ(oo)-Q(0)] 

o 

and  In  terms  of  Laplace  transform  is  eq'oai 


(3) 


1=1  tm  [Q(a>)-3Q(3)]/S[Q(ix>)-Q(0}], 
a->0 


(4) 


The  definition  (3)  Is  valid  only  If  the  evolution  of 
a  probability  Q(t)  is  monotonlc  and  fast  enoujax 
The  formula  (4)  allows  to  find  the 
testable  state  and  the  so-called  Mean 


■ife  '^8  of  me- 


Irst  Passage 


Time 


as  well.  The  MPPT  denoted  as  T(x^,v>)  Is  a  mean  passage 
time  of  a  Brownian  particle  starting  from  point  x=x  up 
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to  absorbing  wall  placed  In  x=^.  To  calculate  MFPT  from 
(4)  It  Is  necessary  In  potential  prorile  to  airange 
Infinitely  deep  potential  well  In  the  point  x=id.  In  this 
case  Interval  a  must  be  chosen  from  x=w  to  ar=ro  and  we  get 


T(x.w}=lim  (1-sQ(8})/8  ,  (5) 

°  s-*0 


00 

r 

where  Q('e;=J  y(x,8)(ta,  Q(0)=0,  Q(«>}=1, 

V) 


BISTABLE  SYSTMS. 

Let's  consider  three  bistable  potential  profiles 
depicted  In  Plg.1,  2,  3. 


A=(3L,5L) 


‘u(x} 

X 

— > 

— 

LJ 

5L 


Fl«.1 


On  the  basis  of 
with  the  aid  of  (4) 
one  can  find  the 
following  exact 
emresslons  of  the 
relaxation  times  for 
three  profiles  res¬ 
pectively:  ' 


[21+24e^*^/(1+e°-+e^)l  (6a) 

7  f* 

'i;2='c„f  ('2eP^*^+a+p-pe“-aeP;/('e“+eP-l  )-(e^+?>)/(2e^-1)-K)i/2-1 1 
x,=t;  [a^(e^-a-1)/a^mJe^-1)/a}/2,  (6c) 

V  o  o 

where  %^=L^/3D-  Is  the  relaxation  time  In  one-stable  rec¬ 
tangular  profile  rufir^O,  -L<x<L,  u(±L)=co;  -  Is 
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the  relaxation  time  In  one-stahle  V-shaped  prollle 
u(x)=S!b\x\ .  In  all  profiles  the  relaxation  time  Is  deter¬ 
mined  by  a  time  evolution  of  the  probability  Q(t)  for  the 
diffusing  particles  to  be  In  the  Interval  of  the  right 
minimum.  The  formulas  (6)  are  valid  for  arbitrary  pertur¬ 
bing  noise  Intensity, l.e.  for  arbitrary  a=E,/ftT,  p=E^liT, 

where  E^  are  activation  energies. 

The  relaxation  time  (6a)  Is  symmetrical  to  the  ex¬ 
change  a-^p.  It  means  that  relaxation  time  for  diffusion 

from  point  x=0  to  the  right  minimum  is  the  same  as  for 

diffusion  from  point  00=41  to  the  left  minimum,  even  if 
ou^S.  This  equality  Is  due  to  the  fact  that  the  difference 
(for  a^B)  between  the  probability  currents  Is  compensated 
by  the  difference  between  final  values  of  stationary  pro¬ 
babilities  In  the  left  and  the  right  minima. 

For  high  enough  potential  barriers  (e  »a,  eP»p;  the 
relaxation  times  are  respectively: 

x^=i^2e^*^/(e^+e^},  (7a, b) 

T_=x  a  e^(lm  /a}/2a,  (7c) 

ij  fj  C?  O 

and  relaxation  time  (6b)  also  becomes  symmetrical  for  the 
exchange  a^p.  If  In  addition  cx=p,  then  x^=x^e^/2, 

and  In  all  formulas  (7)  the  Kramers’  factor 

arises.  a  « 

For  deep  enough  right  potential  well  (eP»e  ),  poten¬ 
tial  profiles  of  Fig.l,  2  turn  to  the  potential  profiles 
of  the  metastable  states.  In  this  case 

x^=x^[2U24e°-],  %^=%J2e‘^’-a/2-3/2]  (8a, b) 

These  times  are  the  life  times  of  metastable  states 
which  exist  in  neighborhood  oc=0  and  their  values  given  by 

formulas  (8)  are  valid  also  for  an  arbitrary  a.  If 
we  get  again  Kramers’  factor. 

To  evaluate  the  diffusing  particles  trarisltlon 
frequency  over  potential  barrier  v(a}  It  is  necessary  to 
know  the  MF?T  T(0,v>)=1/vfa)  for  Initial  coordinate  x=0 
and  absorbing  wall's  coordinate  3>=w  In  accordance  with 
(5).  Let  us  select  w=4L,  21  for  Flg.l,  3  (dash  lines). 
Then  It  can  be  found  the  following  transition  frequencies 
respectively 
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V,  (a)=v^(0)6e~^/(2+3e-°-+e-^) , 
v^(a)=nf2(0)(1-HX^)a^e-°-/(aHX^-(a^-2a^)e-^HX^e-^) 

where  v,fO;=1/72T^,  v^(0)=^/%JXJ1K^^). 

For  high  harriers  (e^»a) 

v,fa;  -  kTe"^  Vgfa;  »  e"“/ftr. 

Although  here  Is  the  Kramers’  lactor  e"^  these  transition 

frequencies  differ  from  Kramers’  frequency  v(a)  -  e”®  by 
the  presence  of  the  prefactor  temperature  dependencies 
which  are  due  to  the  existing  of  the  nonllnearltles  In 
nel^bourhood  of  the  well  bottoms  and  of  the  barrier  tops. 

TRISTABLE  SYSTEMS. 

let  us  consider  the  poly-rectangular  profile  which 
represents  the  trlstable  system  with  the  Initial  probabi¬ 
lity  distribution  placed  In  the  last  well  (Pig.  4).  The  re¬ 
laxation  time  calculated  with  aid  the  probability  Q(t) 
for  A(6L,9L)  Is  equal 


%=12%^(41 +16e°-+^e~°-+2ee'^+4e~^)/(3+2e~^)  ( 2+e~“; . 

If  Initial  distribution  Is  In  the  center  of  the 
middle  well  (Fig  5. )  then  for  A(2L,5L) 

1  '=i2'z^(9+4e%8e'^+e~^)/(3+2e~^)(2+e~°-) . 


A=(6L.9L)  A=(2L,5L) 


-L  L  3Ll  5L  7Ll  9L  -5L  -3L  -L  L  3L  ^  5L 


Plg.4.  ‘  Plg.5. 

For  hl^  barriers  (e“»/) 

T:'=8T^e‘^. 
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On  the  other  hand  one  can  calculate  for  this 
potential  prorile  the  MPPT's,  which  are  equal 

T(0,4L)=12%^(3+2e%e-^) , 

T(0,8L}=12'i^(10t6e%4e~^) 

T'(0,4L)=T(4L,8L}=12%^(7+4e%3e-^),  Plg,5((iash  line) 


It  Is  of  Interest  to  note  that  for  arbitrary  a 
T(0,8L)=T(0,4L)+T(4L,8L) 

This  duality  represents  a  common  superposition  pro¬ 
perty  of  MFFT  and  Is  true  lor  any  potential  profile  and 

for  any  number  of  the  terms,  as  it  Is  pointed  out  In 
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ABSTRACT 

We  observed  excess  current  noise  generated  by  the  reversible 
ionization  of  sites  in  a  transmembrane  protein  ion  channel,  which  is 
analogous  to  current  fluctuations  found  recently  in  solid  state 
microstructure  electronic  devices.  Specifically  the  current  through  fully 
open  single  channels  formed  by  Staphylococcus  aureus  a-toxin  shows  pH 
dependent  fluctuations.  We  show  that  noise  analysis  of  the  open  channel 
current  can  be  used  to  evaluate  the  ionization  rate  constants,  the  number 
of  sites  participating  in  the  ionization  process,  and  the  effect  of  recharging 
a  single  site  on  the  channel  conductance^ 

INTRODUCTION 

Ions  cross  biological  membranes  through  ion  channels  formed  by 
membrane  spanning  proteins.  These  macromolecules  are  critical  for  the 
generation  of  nerve  action  potentials  and  other  cellular  activities  and 
function  by  switching  between  different  permeability  states.  Thermal 
fluctuations  cause  ion  channels  to  oscillate  between  different  levels  of 
conductance  which  can  be  observed  as  a  fluctuating  ion  current  in  analogy 
to  recent  observations  of  the  light  scattering  signal  from  a  single  trapped 
ion  switching  between  different  energy  levels^. 

In  biological  systems,  shot-noise  and  noise  from  conformational 
variations  are  widely  recognized  as  sources  of  fluctuations  in  open  channel 
currents^.  In  this  study,  we  show  that  noise  analysis  can  also  be  used  to 
measure  the  rate  constants  of  rapid  chemical  reactions  that  occur  within 
the  pore  of  a  channel,  if  those  reactions  modulate  the  open  channel 
conductance.  The  mechanism  of  the  phenomenon  we  report  here  is 
analogous  to  that  found  for  conductance  fluctuations  in  solid  state  devices^ 
where  recharging  of  a  single  trap  was  shown  to  be  the  fluctuation  source. 
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RESULTS  &  DISCUSSION 

The  current  recordings 
A  i  in  Fig.  1  illustrate  the 
spontaneous  formation 
of  a  single  channel  at 
three  different  pH 
values.  Two  features 
are  clearly  seen.  First 
—  the  mean  conductance 

pH4.5  pH5.8  PH7.5  1  a-toxin  channel 

decreases  when  the  pH 
is  increased  over  the 
1-  range  4.5  <  pH  <  7.5, 

Second,  there  is  a  difference  in  the  noise  of  the  channel's  open  state  at  the 
three  different  pH  values. 

The  measurement  of  the  spectral  density  at  pH  =  6  revealed  values 
significantly  larger  than  the  shot-noise  anticipated  for  these  currents.  Fig. 
2a  illustrates  this  for  the  open  channel  current  of  1.0  10'^^  A  at  pH  5.9  (top 
trace).  The  difference  spectrum  (w/o  background)  is  shown  in  Fig.  2b. 


-26 


-27 


-28 


Frequency  (Hz)  Frequency  (Hz) 


100  1000  10000  100  1000  10000 


Figure  2. 
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Similar  spectra  for  the 
open  channel  current  noise 
were  found  using  solutions 
with  different  pH  values. 
The  magnitude  of  the  noise 
averaged  in  the  bandwidth 
200  -  2,000  Hz  is  illustrated 
in  Fig.  3  for  solutions 
containing  either  1  M 
(circles)  or  0.1  M  (triangles) 
NaCl  showing  the  non¬ 
monotonic  dependence  of 
the  noise  on  the  proton 
8  concentration. 

pH  A  simple  model  based 

on  a  first-order  reversible 
Figure  3.  ionization  reaction  accounts 

for  these  results.  Specifically,  the  effect  of  varying  the  pH  on  the  noise 
spectral  density  and  conductance  of  single  open  a-toxin  channels  can  be 
described  assuming  the  channel  can  access  different  states  of  ionization 
which  differ  in  channel  conductance^  For  this  process,  we  can  write  the 
frequency  dependent  spectral  density  of  current  noise,  S;  h  (0- 

Si,H  (f)  =  4(Ai)''  kD(l  +  (1  +  (2  tt  f  xf ),  (1) 

where  Ai  is  the  difference  in  current  between  the  completely  ionized  and 
deionized  states,  andk^,  are  the  association  and  dissociation  rate  constants, 
respectively,  pK  =  -log  (k^  /k^, ),  x  =  (k^lH^]  +  kj*^ ,  and  n  is  the  number  of 
ionizable  sites.  Fitting  Eq.  1  to  the  measured  pH  dependent  spectral  density 
(Figs.  2,3)  allows  one  to  estimate  the  pK,  kj^,kj^,  and  n. 

The  difference  in  current  between  the  totally  protonated  and 
deprotonated  states  of  the  channel  was  measured  from  the  single  channel 
conductances  at  pH  4.5  and  7.5,  and  is  Ai  =  2.0  10'^^  A  in  1  M  NaCl.  The 
least-squares  fit  of  Eq.  1  is  drawn  (solid  line.  Fig.  3)  assuming  pK  =  5.5  and 
n  kj^  =  1.0  10^  sec‘\  The  frequency  dependence  of  the  spectral  density  at 
several  different  pH  values  yields  an  average  value  of  n  =  4.2  ±  0.7.  Thus, 
taking  n  =  4,  we  obtain  kp  =  2.5  10^  sec'\  The  inverse  of  this  parameter 
equals  the  mean  time  a  proton  is  bound  to  a  single  site.  We  can  also 
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deduce  the  association  rate  constant,  k^,  =  8  10‘^  M'^  s  ^  since  the  equilibrium 
constant  is  defined  by  K  =  10  =  k^/  kj^.  The  change  in  the  current 

through  the  open  channel  upon  recharging  of  a  single  site  is  Ai/n  =  5  10'^^ 
A,  which  contributes  5%  of  the  total  current  through  a  single  channel  in  1 
M  NaCl. 

The  values  of  the  rate  constants  we  deduced  from  our  measurements 
are  close  to  those  measured  directly  for  carboxyl  and  imidazole  groups  in 
the  bulk  aqueous  phased  This  suggests  the  titratable  sites  are  not  buried 
deeply  within  the  protein  core  of  the  channel,  and  therefore  would  probably 
exhibit  only  a  minor  pK  shift.  Thus,  the  ionizable  residues  causing  this 
effect  are  either  aspartic  acids,  glutamic  acids,  or  histidines. 

In  conclusion,  our  experiments  demonstrate  the  possibility  of  using 
noise  analysis  to  study  the  kinetics  of  fast  chemical  reactions  in  a  single 
nanoscopic  "cuvette"  in  which  only  several  molecules  participate.  To 
date,  most  studies  of  channel  structure  are  performed  by  measuring  the 
single  channel  conductance  and  selectivity  combined  with  genetic 
engineering.  Analysis  of  reaction  noise  of  the  open  channel  coupled  with 
site-directed  mutagenesis  introduces  a  new  tool  to  probe  channel  structure 
and  functional  modulation. 

ACKNOWLEDGEMENTS 

Supported  in  part  by  the  National  Academy  of  Sciences/NRC  (JJ.K.)  and  the  ONR  (V.A.  Parsegian), 


REFERENCES 

1.  S.M.  Bezrukov  and  f.J.  Kasianowicz,  Phys.  Rev.  Lett.  70:  2352  (1993). 

2.  W.  Nagourney,  J.  Sandberg,  H.  Dehmelt,  Phys.  Rev.  Lett.  56,  2797  (1986). 

3.  S.H.  Heinemann  and  F.J.  Sigworth,  Biophys.  J.  60,  577  (1991). 

4.  C.  Dekker,  A.J.  Scholten,  F.  Liefrink,  R.  Eppenga,  H.  van  Houten,  and 
C.T.  Foxon,  Phys.  Rev.  Lett.  66,  2148  (1991). 

5.  M.  Eigen,  G.G.  Hammes,  K.  Kustin,  J.  Am.  Chem.  Soc.,  82, 3482  (1960). 
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ABSTRACT 

A  consideration  is  given  to  a  mechanism  of  1/f  noise  of  neural  membrane 
potential.  A  consideration  is  given  to  l/fo'  fluctuations  of  a  magnetron 
discharge  cell,  where  noise  appears  with  a  potential  formation. 

INTRODUCTION 

A  reason  of  the  \/f^  (a=l)  noise  of  neuron  membrane  potential  at  spike 
discharge  series  ‘  is  that  the  a=l  noise  will  bring  no  different  error  to  a 
result  of  computing  for  a  living  thing  in  spite  of  its  different  sensing 
and  processing  time  ^  ,  On  the  other  hand,  when  a  coding  problem  of  resting 
membrane  potential  of  nerve  fibers  were  researched,  the  power  spectrum  of 
the  potential  fluctuations  was  found  to  be  the  1/f^  (a=l)  noise  The  two 
experimental  facts  make  us  aware  that  when  a  potential  is  formed  across  the 
cell  membrane,  it  has  noise  and  fluctuations  which  may  have  a  role  in  a 
computing  process  of  such  a  discharge  system. 

Alfven,  a  plasma  physicist  and  astrophysicist,  considered  double  layers 
as  a  surface  phenomenon  in  physical  plasmas. He  pointed  out  that  "a  sheath 
(or  a  double  layer)  is  a  plasma  formation  by  which  a  plasma  protects  itself 
from  the  environment",  and  "a  sheath  is  analogous  to  a  cell  membrane  by 
which  a  biological  plasma  protects  itself  from  the  environment"  .  Second, 
he  pointed  out  that  "a  double  layer  always  produces  noise  and  fluctua¬ 
tions"  By  him,  we  were  noticed  that  the  cell  membrane  is  similar  to  the 
plasma  sheath  in  their  phenomenon  and  function  in  the  discharge  systems. 
The  similarity  is  given  in  Table  I.^ 

In  this  paper,  the  author  will  review  the  mechanism  of  resting  and 
action  potential  formation  across  the  membrane,^ reported  1/f  noise  of 
membrane  potential , ‘ ®  and  results  of  l/f°  noise  observed  by  the  author 
from  a  magnetron  discharge.^’*®  Then  the  noise  will  be  discussed  from  a 
view  point  of  a  nonlinear  computation  principle  in  such  discharge  systems. 

CELL  MEMBRANE  POTENTIAL 

Cell  ions  are  transported  by  ion  pumps  and  ion  channels  across  the  cell 
membrane.  By  Na'^-K+ATPase,  Na'^  ions  are  pumped  out  from  the  cell  plasma, 
and  contrarily,  ions  are  pumped  into  the  cell  from  outside,  producing 
the  density  gradient  of  Na"^  ions  and  ions  from  outside  to  inside.  Let  Cj 
and  Cii  be  the  inside  density  and  the  outside,  respectively.  For  Na"*"  ions, 
Cj<Cii  is  true,  and  for  K+  ions  Ci>Cii.  In  a  resting  state,  the  Na"^ 
channels  are  closing  while  the  K+  ions  leak  free  through  the  K+  channels, 
producing  a  potential  drop  across  the  membrane.  The  equilibrium  potential 
can  be  calculated  from  Nernst  equation: 

^  "  ZF  Cl 

R=8.314  J-mol'l-K-1,  F=9. 648-  104  C-mor^,  T=300K,  Z=l. 

The  membrane  resting  potential  is  usually  about  -80  mV,  producing  a  very 
strong  electric  field,  about  10^  V/cm  across  the  membrane,  because  of  which 
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Discliarge  ceils 

Biological  cells 

Etyinology 

plasma,  I. Langrauirl928 

plasma: protoplasma. Greek: Latin 

System 

physics. non-cognition 

biology. cognition 

Membrane 

sheath: double  layer 

cell  membrane: plasma  membrane 

Functions 

protect  plasma  from  the 

protect  plasma  from  the 

Carriers 

environments;sustenance 

environments: plasma  formation 

electrons  lions 

Nations  iKUons.  etc. 

Phenomena 

polarization :bipolar 
-  diffusion 

polarization : equi librium 

Transport 

charged  particles: 

charged  particles: 

Potential 

energy: information 

energy ; information 

sheath  potential 

membrane  potential 

Noise 

l/f“ 

1/f 

Table  I.  Tlie  similarity  between 
the  plasma- sheath  and 
the  cell-membrane. 


the  protein  molecule  of  ion  channel  is  sensible  of  any  change  of  a  signal 
The  mechanism  of  resting  potential  is  very  similar  to  that  of  the 

plasma  sheath  potential;  plasma  electrons  diffuse  away  from  the  plasma 
because  of  high  thermal  velocities  and  ions  remain  because  of  heavy  mass 
producing  a  sheath  potential  at  an  equilibrium;  in  this  case,  the  plasma  is 
positively  charged  and  the  wail  negatively  charged.  The  main  difference 
between  the  plasma  sheath  potential  and  the  membrane  potential  is  that  the 

former  is  produced  in  the  gaseous  state  and  the  latter  in  the  liquid  state 

reported  that  the  resting  membrane  potential  of  frog  sciatic  nerve 
had  fluctuations  of  i/f  power  spectrum  in  the  frequency  band  from  0.iHz  to 
1000Hz,  and  that  the  ion  flux  through  the  membrane  was  probably  the 

noise  source . ^  ^ 

They  showed  by  experiments  with  a  patch  clump  method  that  the  ion 
channel  plays  the  on-off  gate  for  single  ion  and  the  gate  current  per  each 
single  ion  is  a  single  rectangular  pulse. The  gate  current  is  similar 
to  the  random  telegraph  switching  current  [RTS]  of  a  nm-sized  HOSFET  « 
Noise  from  a  single  defect  of  the  MOSFET  is  Lorentz  noise;  noise  from 
multiple  defects  with  various  trapping  times  approaches  1/f  noise  ®  The  K'*' 
channel  gates  repeat  on-off  action  with  a  specific  or  random  on-period 
resting  potential  fluctuations  have  the  same  mechanism 

as  nib  noise? 


When  the  membrane  potential  exceeds  a  threshold,  the  Na+  channel  ?ate 
IS  excited  and  begins  to  take  on-off  action,  while  the  channel  gate  is 
restrained  on-off  action  for  a  moment  and  soon  recovered;  the  Na'^  channel 
gate  open  probability  varies  nonlinear  with  the  membrane  potential  beyond 
the  threshold  upto  a  saturation  state;  after  the  saturation,  the  gate  goes 
into  inactivation  and  then  turns  to  the  original  state;  as  Na+  ions  diffuse 
through  the  channels  to  increase  the  membrane  potential  and  the  conductance 
as  the  sum  of  open  gates,  the  membrane  is  inversely  polarized  and  reaches 
equilibrium  at  the  action  potential  about  +50mV  from  eq.(l)  for  Na"^  ions* 
then,  after  the  recovery  of  K+  channel  gate  and  the  inactivation  of  Na+ 
channel  gate,  the  membrane  potential  returns  to  the  resting  state  through  a 
yperpolarization ;  this  explains  a  single  pulse  of  nerve  cell  (neuron).^ 
Musha  reports  a  result  on  FFT  analysis  of  pulse  series  detected  from  a 
snail  giant  neuron;  a  micropipette  glass  electrode  was  pierced  through  the 
membrane  to  detect  intracellular  potential  (membrane  potential);  the 
0^0005H2  ?o  ^  spectrum  in  the  frequency  from 


An  equation  of  the  currents 
established: 


passing  through  the  membrane  is 


2:gi(<l^^>i)  +  Ip  +  lL=0  (2) 

Z.’sum  for  i=K‘‘'  and  Na"^,  girmembrane  conductance  for  ion  i 
^:membrane  potential,  <|)i : equilibiium  potential  eq.(l)  for  ion  i 
Ip:Na  -K  ATPase  ion  pump  current,  iLrcurrent  by  another  ion  species. ^ 
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Fig.l  Domains  of  magnetron  ceil. 


electron  magn.  discharge  ceil 

Fig. 2  Potential  structure  is  reformed 
to  the  discharge  cell. 


The  conductance  is  the  total  of  open  gates  of  (i)  ion  channels  and  it 
varies  with  $  and  ion  density.  The  conductance  is  nonlinear.  The  currents 
Ip  and  II  are  very  small  compared  to  2:gj[ ) .  As  described  before,  at 
the  resting  state  gi(i=Na'^)^0,  then  ^$i(i=K'^)  is  true  from  eq.(2);  and 
vice  versa  at  the  action  state,  gi(i=K'^)^0  and  <l>=<I)i(i=Na'^) .  The  snail 
autoactive  neuron  has  a  mechanism  to  exchange  both  states  automatically. 
The  1/f  noise  power  of  the  resting  potential  weakens  as  the  membrane 
potential  changes  from  +10  mV  above  the  resting  potential,  and  to  -10  mV 
below  the  resting  potential,  and  noise  turns  to  white  noise  at  -20  mV  below 
the  resting  potential  (hyper  polarization).®  Why  does  1/f  noise  appear  both 
in  the  resting  potential  and  in  the  pulse  series  potential? 


MAGNETRON  CELL  AND  SHEATH  POTENTIAL 


The  author  studied  the  noise  phenomenon  by  experiments  with  a  hot 
cathode  magnetron  discharge.  The  magnetron  is  a  coaxial  cylinder:  the 
diameters  of  cathode  and  anode  cylinders  are  2rjj=0.5mm  and  2ra=60mra, 
respectively.  Solenoids  are  set  around  the  anode  cylinder  to  supply  a 
magnetic  field  to  the  magnetron  by  the  solenoid  current  Ig.  A  probe  is 
mounted  near  a  cylinder  edge  to  detect  noise.  When  the  voltage  U  is 
supplied  between  the  electrodes,  the  anode  current  I  flows;  as  the  current 
Ig  is  increased,  the  anode  current  I  is  cut  off  at  the  critical  current  Igc 
(magnetron) : 

^SC“ 

where  c  is  a  device  constant.  Equation  (3)  was  true  for  experiments  of  no 
gas  supply  to  the  magnetron,  but  when  a  gas  (argon)  was  supplied,  a 
discharge  began  to  take  place  at  the  critical  current  IgQ  and  the  discharge 
current  Al  flowed  and  the  critical  current  increased  to  Isc '  ( ^sc  '  ^^sc ) ’  see 
Fig.l.'o  The  electron  magnetron  turned  into  a  discharge  magnetron.  When  the 
discharge  current  increased  visibly,  noise  was  detected.®  An  example  is 
given  in  Fig.l.  The  power  spectrum  of  noise  invariably  follows  the  power 
law  of  frequency  in  the  frequency  band  about  0. lMHz<f<10MHz: 

P(f)  «  f‘“.  (4) 

The  spectral  index  a  had  no  direct  relation  with  the  voltage  U,  the 
magnetic  current  Ig  and  the  gas  pressure  P  except  the  discharge  current  AI; 
under  conditions  of  P=0.07Pa  (arpn  gas),  U=200V  and  0 . 2mA <AI< 80mA,  the 
spectral  index  a  was  empirically  given  in  the  index  2.5<a<5.5:  ® 

2.9cFlog,^^(bit),  AI„  =  1.5(uA),  (5) 

The  electron  magnetron  turned  into  the  discharge  magnetron  (disharge 
cell)  with  an  increased  critical  magnetic  current  and  with  the  noise 
production;  the  increase  of  Ig^  means  a  decrease  of  r^  (rgUr^)  and/or  an 


(3) 
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increase  of  (rij'>rj^)  from  ,eq.  (3) ,  see  Fig. 2;  that  is,  a  plasma-sheath 
potential  structure  appeared  to  the  discharge  cell,  with  a  sharp  potential 
fall_  at  the  sheath  contrary  to  a  flat  potential  at  the  plasma.  The 
stability  of  the  plasma-sheath  system  is  controled  by  polarization  and 
fluctuations  at  the  layer,  i.e.  double  layer  or  the  sheath,  across  which 
the  discharge  energy  is  put  into  the  plasma  and  charged  particles  are 
transported.  The  sheath  acts  as  a  sensor  and  a  controller,  i.e.  a  processor 
of  the  system;  it  is  self-organized  and  essentially  nonlinear  part  of  the 
system.  The  author  regards  that  the  detected  noise  is  a  result  of  sheath 
driving  as  a  processor  in  the  magnetron  discharge  system. 

Let  0,  g  and  ip  be  the  sheath  potential,  the  nonlinear  sheath 
conductance  and  a  driving  current  (corresponding  to  the  pump  current  of  the 
membrane),  respectively;  a  nonlinear  equation  of  the  discharge  cell  stands: 

Zg0  +  AI  +  ip  =  0  (6) 

where  g  is  the  conductance  for  different  ion  species  and  ip  is  driven  by  an 
equivalent  battery  of  the  discharge  system. 

From  the  empirical  equation  (5)  and  from  the  fact  that  the  potential 
organization  follows  the  discharge  current  and  the  conductance  g  depends  on 
0,  we  have  the  following  formula:  (arrows  show  the  flow  of  relation) 

a  ~  AI  =  0  =  g  (7) 

A —  < —  i — 

The  formula  shows  that  the  fluctuations  a  relates  with  the  potential  fall 
and  the  conductance  of  the  potential  fall  (sheath).  The  empirical  formula 
(4)  and  the  empirical  equation  (5)  must  be  a  boundary  condition  of  eq.(6). 

CONCLUSION 

A  mechanism  of  1/f  noise  of  neural  membrane  potential  relates  to  the 
open  probabilities  of  ion  channel  gate  (conductance)  which  vary  nonlinear 
with  the  membrane  potential  and  the  ion  density.  The  potential  is 
automatically  organized  and  1/f  noise  lies  behind  the  organization. 

A  mechanism  of  1/fa  noise  relates  to  automatical  organization  of  the 
sheath  potential  acting  as  a  processor  of  the  discharge  system.  In  both 
cases,  a  nonlinear  process  governs  the  system  to  protect  and  sustain  it. 
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ABSTRACT 

Power  spectral  analyses  have  been  performed  on  PP  intervals  of  cat’s  elec¬ 
trocardiogram  recorded  during  about  100  hrs  under  3  experimental  conditions: 
one  with  hard  exogenous  disturbances  and  others  with  the  minimal  in  either 
a  small  or  a  large  range  of  movement  of  the  animal.  Irrespective  of  the  marked 
differences  in  the  experimental  conditions,  a  very  similar  1/f  profile  of  power  spec¬ 
trum  has  been  obtained  in  the  frequency  range,  10”^-10“^  Hz.  The  1/f  spectrum 
tended  to  extend  to  the  frequency  range  below  10"^  Hz.  The  1/f  fluctuations  in 
heart  beat  periods  seem  to  have  endogenous  origins. 

INTRODUCTION 

It  was  reported  by  Musha’s  and  Cohen’s  groups  that  either  heart-beat  pe¬ 
riods  or  heart  rate  (HR)  in  humans  have  a  1/f  power  spectral  density(PSD)  in 
the  frequency  range,  lO'^^-lO"!  Hz.^’^  Recently,  this  hypothesis  has  been  pre¬ 
cisely  investigated  by  Castiglioni  and  coworkers with  respect  to  the  frequency 
range  over  which  the  1/f  model  is  fitted.  They  showed  a  significant  deviation  of 
HR  24-h  spectra  from  the  model  at  frequency  below  10“^  Hz.  Th^y  speculated 
that  the  deviation  “may  be  in  part  due  to  exogenous  sources  of  variability  associ¬ 
ated  with  the  different  activity  level  characterizing  day  and  night  periods”.  It  is 
important  to  investigate  whether  or  not  a  1/f  spectral  characteristic  is  obtained  if 
possible  exogenous  sources  of  HR  variability  are  eliminated.  In  the  present  study, 
the  analysis  has  been  performed  on  a  long  series  of  heart-beat  periods  in  a  cat 
obtained  under  freely  moving  conditions  where  possible  time  cues  and  exogenous 
disturbances  were  eliminated. 
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METHODS 


1)  Animal  Experiments. 

A  3.3kg  female  cat  served  as  the  subject.  To  detect  heart  beats  using  elec- 
trocardiogram(ECG)  without  artifacts  from  body  movements,  we  used  a  surgical 
operation  to  chronically  attach  electrodes  to  the  auricular  surface  of  her  heart. 
The  direct  recording  of  P-waves  is  ideal  for  the  EGG  rhythm  detection  because 
the  P-wave  almost  exactly  corresponds  to  the  activity  of  pacemaker  cells  and  com¬ 
plications  stemming  from  ventricular  arrhythmia  can  be  avoided.  The  electrodes 
were  attached  to  a  female  connector  fixed  to  the  bone  of  animal’s  head.  The  cat 
was  put  either  in  a  small  dog  house  (50(W) x60(L) x70(H)cm)  (experiment  1  & 

2)  or  in  a  larger  cage  (58(W)  x96(L)  x58(H)cm)  (experiment  3)  which  was  placed 
in  a  sound-proof  room.  The  conditions  of  illumination,  background  noise,  and 
food  and  water  supply  were  shown  in  Fig.  1A,B,C.  The  room  temperature  was 
kept  at  23-25  “C. 

Experiment  1:  The  dog  house  with  a  small  litter-box  was  used  (Fig.  lA). 

The  animal’s  range  of  movement  was  medium-sized.  During  the  initial  60  hrs, 
food  and  water  was  restricted  except  during  3  access  periods.  During  the  subse¬ 
quent  46  hrs  food  and  water  were  unrestricted.  The  house  was  indirectly  illumi¬ 
nated  with  a  tungsten(W)-iamp.  Long  input  wires  to  an  amplifier  were  directly 
connected  with  a  socket  on  the  cat’s  head.  The  lead  wires  were  twisted  many 
times  and  were  untwisted  6  times  when  food  and  water  were  given.  Thus,  the 
exogenous  disturbances  were  artificially  introduced. 

Experiment  2:  The  2nd  experiment  was  designed  for  minimizing  the  effects 

of  possible  exogenous  disturbances.  The  dog  house  was  used  with  a  larger  litter- 
box,  and  therefore  animal’s  range  of  movement  was  smallest  (Fig.  IB).  Enough 
food  was  given  and  fresh  water  was  constantly  supplied  by  a  dripping  device.  A 
flourescent  light  was  used  for  the  illumination  of  the  house.  Background  white 
noise  was  delivered.  The  lead  wires  were  untwisted  once  at  the  end  of  the  1st 
day.  During  the  period  of  the  4th  day,  the  twists  approached  the  utmost  limit, 
but,  remained  untouched.  The  cat  could  move  only  in  a  small  area,  but  she  was 
quiet  enough  to  continue  recording. 

Experiment  3:  The  3rd  experiment  was  different  from  the  2nd  in  the  fol¬ 

lowing  2  respects.  A  slip  ring  (Neuroscience,  NSR-35-12p)  was  used  to  avoid  the 
wire  s  twists.  The  cat  could  move  freely  in  a  larger  area  compared  with  the  for¬ 
mer  experiments  (Fig.  1C).  Twice,  the  door  of  the  sound-proof  room  was  opened 
briefly  to  re- adjust  the  water  dripper. 

2)  Power  Spectral  Analysis. 

From  the  overall  time  series  of  PP  intervals  obtained  in  each  experiment, 

4  sub-series  with  218-points  data  sets  were  extracted  corresponding  to  the  1st, 
2nd,  3rd  and  4th  day,  respectively  (Table  II).  PSDs  were  calculated  through  FFT 
for  each  sub-series  which  was  assumed  to  be  sampled  with  a  period  of  the  sub¬ 
series  s  mean  PP  interval  (Method  I).  For  the  computation  of  PSD  on  the  overall 
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time  series,  a  series  of  instantaneous  PP  intervals  occurring  at  the  instant  of  each 
P-wave  was  defined.  After  continuation  of  the  series  by  linear  interpolation,  a 
new  series  was  generated  by  a  sub-sampling  with  an  equal  interval  to  obtain  a 
220-points  data  set,  and  the  FFT  program  was  applied  (Method  II).  A  smoothing 
procedure  using  an  MA  filter  introduced  by  Castiglioni  et  ai.^  was  employed  to 
reduce  the  variance  of  spectrum  for  both  methods. 

RESULTS 


A  summary  of  3  experiments  on  various  parameters  is  shown  in  Table  1. 
The  mean  heart  rates  in  3  experiments  are  significantly  different  from  each  other 
(P<0.01).  Table  II  shows  a  mean  PP  interval  and  a  total  duration  for  every 
one-day  sub-series  with  a  218-points  data  set  in  each  experiment. 

_ Table  I.  A  summary  of  3  experiments.  **  indicates  P<0.01 _ 

Experiment  Date  Observation  Total  no.  of  Mean  HR  Mean  PP 

Time(hrs)  PP  intervals  (beats/min)  interval(ms) 


25-30/12/92 

96 

965,880 

167.1 

359** 

14-18/01/93 

101 

1,146,548 

188.7 

318** 

14-19/03/93 

102 

1,115,126 

181.9 

330** 

Table  II.  Mean  PP  interval(M-PP)  and  total  duration(TD) 


for  every  one-day  sub-series  with  2^^-points  data  set 


Sub-series 

# 

Exp.l 

M-PP(ms)  TD(hrs) 

Exp.  2 

M-PP(ms)  TD(hrs) 

Exp. 3 

M-PP(ms)  TD(hrs' 

1 

356 

25.9 

318 

23.2 

320 

23.3 

2 

345 

25.1 

329 

24.0 

331 

24.1 

3 

361 

26.3 

316 

23.0 

333 

24.2 

4 

368 

26.8 

306 

22.3 

337 

24.5 

1 )  Trendgram. 

Mean  HRs  every  one  hour  were  plotted  sequentially,  which  we  call  it  a 
trendgram, as  indicated  in  Fig.  1A,B,C.  In  the  experiment  1,  it  showed  appar¬ 
ent  variations  which  seemed  to  be  related  to  disturbances  due  to  the  food  and 
water  supply  by  experimenters.  In  the  experiment  2,  during  the  initial  50  hrs, 
damped-oscillation-like  variations  with  a  long  period  were  observed.  The  effect 
of  ’’the  door-openings”  was  minimal  from  the  viewpoint  of  the  trendgram.  Dur¬ 
ing  the  latter  half  of  the  experiment,  the  HR  tended  to  become  less  variable 
and  attained  a  highest  mean  level  in  the  4th  day  when  lead  wires  were  severely 
twisted.  From  overall  viewpoints  the  trendgram  seems  to  have  an  almost  linear 
component  in  the  2nd-4th  day,  which  might  depend  on  the  stressful  state  of  a 
small  range  of  movement.  In  the  experiment  3,  the  HR  had  also  variability  with 
local  oscillations,  but  without  overall  trends.  The  disturbances  due  to  the  access 
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Fig.  1.  Heart  rate  trendgrams  in  3  experiments.  The  left-side  illustrations 
indicate  the  positional  relations  among  food(F)  and  water(W)  tray  and  litter- 
box(L).  The  dashed  line  area  shows  the  range  where  the  animal  is  able  to  move. 
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log  Hz 

Fig.  2.  Double  logarithmic  plotts  of  power  spectral  densitie  (PSD,  [ms]^/Hz) 
of  PP  intervals  in  3  experiments.  The  spectra  for  overall  data  indicate  a  quite 
similar  1/f  pattern  in  the  frequency  range  Hz,  irrespective  of  dilferent 

experimental  conditions.  The  oblique  straight  line  has  an  incline  of  -1. 
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for  re-adjustment  of  water  dripper  seem  to  be  small.  Thus,  a  quasi-free  running 
condition  has  been  realized  in  the  experiment  3. 

2)  Power  Spectra. 

Fig.  2A,  B  and  C  shows  the  PSDs  of  PP  intervals  for  every  one-day  data 
(small  panel)  and  the  PSD  for  overall  data  (large  panel)  in  each  experiment.  All 
of  12  spectra  for  every  one-day  data  display  a  1/f  spectral  profile,  in  the  frequency 
range,  Hz,  being  quite  similar  to  each  other.  The  variations  shown  in 

the  frequency  below  10“^  Hz  probably  depend  on  an  effect  of  small  sample  size 
for  such  low  frequency.  Whereas,  the  spectra  for  overall  data  show  that  the  1/f 
profile  is  extended  to  at  least  10"^  Hz  with  high  confidence,  although  there  is  a 
broad  peak  around  10  Hz.  No  trend  of  saturation  in  the  PSD  for  overall  data 
was  observed  in  the  frequency  below  10~^  Hz  for  every  experiment. 

DISCUSSION  AND  CONCLUDING  REMARKS 

In  the  1st  experiment,  the  animal  was  disturbed  several  times  by  exogenous 
stimuli.  In  the  2nd,  the  recording  was  made  in  a  stressful  small  room  which 
produced  partly  a  linear  trend  in  HR.  The  final  experiment  was  almost  ideally 
performed  in  a  sense  that  a  quasi-free  running  conditions  were  realized  in  a  larger 
space.  In  spite  of  the  quite  different  environmental  conditions,  a  very  similar 
profile  of  1/f  power  spectrum  was  obtained  for  overall  data  in  the  frequency  range, 
10“^-10"^  Hz.  A  broad  peak  was  observed  around  10“^  Hz,  but  this  was  unclear 
in  one-day  spectra.  Moreover  no  trend  of  saturation  for  the  frequency  below 
10“^  Hz  was  seen  in  all  of  3  PSDs.  These  results  might  indicate  that  cat’s  HR 
fluctuates  with  a  1/f  power  spectrum  in  the  very  low  frequency  extending  to  10“® 
Hz,  even  under  the  condition  of  exogenous  disturbances  minimized.  Although 
seen  in  only  one  animal,  the  robustness  of  1/f  spectral  profile  in  PP  interval  time 
series  has  been  experimentally  verified  in  a  wide  frequency  range.  This  might 
imply  that  the  cat’s  HR  could  never  be  sustained  at  the  constant  mean  level  and 
that  endogenous  origins  of  the  1/f  fluctuations  have  to  be  investigated. 

This  work  was  supported  by  Grant-in- Aid  for  Scientific  Research(04302033) 
from  the  Ministry  of  Education  and  Culture,  Japan. 
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ABSTRACT 

The  power  spectra  of  heart  rate  in  patients  receiving  intensive  care 
were  calculated  and  the  relation  between  gain  and  frequency 
discussed.  1/f  fluctuations  in  heart  rate  can  be  observed  in  both 
post-operative  and  brain-death  patients  in  the  intensive  care  unit. 
These  results  suggested  that  1/f  fluctuations  are  a  fundamental 
human  phenomenon. 

INTRODUCTION 

Analysis  of  heart  rate  fluctuations  provides  qualitative  estimation  of 
the  cardiovascular  control  system.  The  power  spectrum  of  heart  rate 
fluctuations  in  normal  subjects  shows  that  the  spectral  densities  are 
inversely  proportional  to  frequency.  1/f  fluctuations  have  been 
observed  at  a  frequency  band  of  10-4  to  2x10-2  Hz  D.  Few  studies 
have,  however,  been  designed  in  which  fluctuations  were  analyzed  in 
patients.  In  this  study,  the  heart  rates  of  patients  admitted  to  our 
intensive  care  unit  were  analyzed  and  their  fluctuations  evaluated. 

SUBJECTS  AND  METHODS 

The  five  post-operative  and  two  brain-death  patients,  who  had 
required  intensive  care,  were  chosen  for  the  study.  Table  1  shows  the 
characteristics  of  the  patients  including  diagnosis  and  analyzed  dates. 
Cases  1,  5,  and  6  were  returned  to  surgical  wards  on  the  10th,  15th 
and  17th  post-operative  day,  respectively.  The  ECG,  blood  pressure, 
and  core  temperature  were  recorded  on  monitors  (BMS-8500,  Nihon 
Koden  Co,  Tokyo,  Japan). 
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Table  1  Description  of  patients 


Case 

no . 

Age 

and 

sex 

Diagnosis 

Analyzed  date 
(day) 

1 

45M 

Esophageal  Varices 

6 

2 

64M 

Abdominal  Aneurysm 

6 

3 

28F 

Cerebral  Aneurysm 
(brain  death) 

12 

4 

32F 

Subarachnoid  hemorrhage 
(brain  death) 

6 

5 

53F 

Subarachnoid  hemorrhage 

6 

6 

65F 

Subarachnoid  hemorrhage 

12 

7 

61M 

Gastric  cancer,  Pneumonia 

6 

Heart  rates  were  obtained  from  electrocardiographic  R-R 
intervals  and  could  be  automatically  calculated  by  the  monitor  with 
triggering  of  an  R  wave.  The  data  were  transferred  to  a  workstation 
(CWS-8100,  Nihon  Koden,  Co.,  Tokyo  Japan)  and  stored  in  a  hard  disk 
every  1  min.  ,  i.e.  the  instantaneous  heart  rate  values  were  stored. 
Stored  data  were  selected  with  a  period  of  6  to  12  days  and 
transferred  to  another  workstation.  The  data  missing  during 
calibration  of  sensors  and  disconnections  necessitated  by  treatment 
procedures  were  edited  and  interpolated.  A  weighting  function  was 
used  for  smoothing  data  and  the  power  spectral  densities  were 
calculated  using  the  fast  Fourier  transform  method.  The  linear 
regression  line  was  calculated  between  the  log  scale  of  power  spectral 
densities  and  that  of  frequencies.  From  the  slope  of  the  linear 
regression  line,  fluctuations  related  to  the  frequency  were  evaluated. 

RESULTS 

Power  spectra  were  evaluated  for  6  to  12  days  depending  on  the 

duration  of  admission  to  our  intensive  care  unit.  Figure  1  shows  the 
time  course  and  power  spectrum  of  the  6th  post-operative  day  in  a 
patient  who  recovered  the  deseise  (case  1).  A  1/f  fluctuation  in  heart 
rate  for  a  frequency  less  than  lO'^  Hz  was  observed.  Figure  2  shows 
the  time  course  and  power  spectrum  of  a  patient  who  died  in  the 
intensive  care  unit  (case  2),  on  the  20th  day,  i.e.  one  day  before  death. 
The  power  spectra  above  10'"^  Hz  were  constant,  producing  random 

fluctuations. 

The  time  courses  and  power  spectra  of  two  brain-death  patients 
at  day  one  are  shown  in  Fig.  3,  Figure  3  (a)  shows  the  59th  day  of  a 

patient  (case  3),  and  (b)  the  5th  day  of  a  patient  (case  4).  Both  power 

spectra  showed  1/f  fluctuations.  Analysis  of  the  total  data  from  six 
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days  is  shown  in  Figure  4  and  reveals  a  1/f  fluctuation  for  a  frequency 
band  of  10"^  Hz  to  10‘2  Hz. 

No  marked  difference  in  fluctuation  pattern  was  observed 
between  patients  who  returned  to  the  ward  and  brain-death  patients. 


Frequency  (Hz) 


Figure  1.  Time  course  and  power  spectrum  of  heart  rate  in  a  patient  who 
recovered. 


Time  (h)  Frequency  (Hz) 


Figure  2.  Time  course  and  power  spectrum  of  heart  rate  in  a  patient  who  died  in 
the  intensive  care  unit. 

DISCUSSION 

Heart  rate  fluctuations  in  post-operative  patients  were  1/f  for 
frequencies  lower  than  lO'^  Hz.  No  individual  patterns  were  observed 
among  the  various  diagnosis.  A  1/f  fluctuation  was  clearly  observed  in 


696  Heart  Rate  Fluctuations  in  Post-Operative  and  Brain-Death  Patients 


brain-death  patients,  whose  heart  beats  were  controlled  by  their 
cardiac  automaticity  without  central  nervous  control.  Although  further 
investigation  is  required  to  draw  definitive  conclusions,  1/f  fluctuation 
seems  to  be  a  fundamental  human  phenomenon  which  occurs  with  or 
without  the  control  of  neural  activities. 


REFERENCE 

1)  Kobayashi,  M.,  and  Musha  T.  (1982)  1/f  fluctuation  of  heart  beat 
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Figure  3.  Power  spectra  of  heart  rate  in 
4  (b). 


(b) 

brain-death  patients;  case  3  (a)  and  case 


Figure  4. 


Power  spectra  of  heart  rate  in  brain-death  patients;  case  3  (a)  and  case 
4  (b)  based  on  analysis  of  data  from  six  continuous  days. 


FAILURE  IN  REJECTING  A  NULL  HYPOTHESIS  OF  STOCHASTIC 
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ABSTRACT 

We  studied  time  series  of  human  resting  heartbeat  intervals  with  1//  spectra. 
Static  and  dynamical  properties  of  a  putative  attractor  in  a  reconstructed  phase  space 
were  examined  and  compared  with  those  of  stochastic  surrogate  data.  It  was  found 
that  the  actual  heartbeat  intervals  had  the  signature  of  chaotic  dynamics  which  was  not 
present  in  the  surrogate  data. 

INTRODUCTION 

Almost  10  years  ago,  an  example  of  human  resting  heartbeat  intervals  (heart  rate 
variability;  HRV)  with  a  1//  type  spectrum  was  reported.^  As  this  type  of  broad  band 
spectrum  was  often  observed  in  some  chaotic  attractors,^  it  was  hypothesized  that  the 
1//  spectrum  in  human  HRV  arose  from  underlying  chaotic  dynamics  in  the  heartbeat 
controller(s).^  The  observation  of  a  finite  correlation  dimension^  might  also  support 
the  hypothesis  of  chaotic  HRV.  However,  this  hypothesis  has  been  challenged®  because 
of  the  fact  that  1//  type  spectra  can  be  found  in  stochastic  as  weU  as  deterministic 
model, ^  and  because  of  the  technical  difficulties  associated  with  correlation  dimension 
algorithms."^ 

Recently,  the  method  of  surrogate  data  has  been  proposed  to  study  possible 
chaotic  dynamics  and  descriminate  them  from  stochastic  noise.  In  this  method,^  the 
stochastic  surrogate  data  are  generated  to  have  the  same  power  spectra  as  the  original, 
but  have  random  phase  relationships  among  the  Fourier  components.  If  any  numerical 
procedures  for  studying  chaotic  dynamics  produced  the  same  results  for  the  surrogates 
as  for  the  original  data,  we  could  not  reject  a  null  hypothesis  that  the  observed  dynamics 
were  stochastic  rather  than  being  described  by  deterministic  chaos.  In  the  present  study, 
we  used  the  method  of  surrogate  data  to  re-examine  whether  the  1//  spectra  in  human 
resting  HRV  were  due  to  the  underlying  chaotic  dynamics  by  testing  a  null  hypothesis 
of  stochastic  HRV. 

CHARACTERIZATION  OF  1//  SPECTRA  IN  HRV 

Five  healthy  volunteers  participated  in  this  study  conducted  while  beat-by-beat 
long-term  HRV  (>  8, 192  beats  for  2  -  3  h)  was  recorded  in  the  quiet,  awake  state  in 
the  supine  position.  AU  the  subjects  were  tested  four  times  each,  so  that  20  long-term 
recordings  were  available.  The  surface  electrocardiogram  was  sampled  on  a  real  time 
basis  with  1  ms  accuracy  and  the  intervals  between  successive  QRS  spikes,  i.e.  HRV, 
were  stored  on  a  diskette  for  later  analyses. 

After  eliminating  regular  oscillatory  components  of  HRV ,  due  to  known  phys¬ 
iological  forcings  such  as  respiration,  by  a  renormalization  technique,^  the  1//  rela¬ 
tionship  was  determined  for  the  remaining  HRV  spectrum.  The  value  for  /3  calculated 
from  spectral  power  above  0.01  Hz  was  1.08  ±0.18  (mean  ±  SD)  for  20  recordings, 
confirming  the  initial  observation^  of  1//  spectrum  in  human  resting  HRV.  However, 
at  <  0.01  Hz,  /3  was  0.53  ±0.19  indicating  that  normal  human  HRV  had  characteristics 
of  “white  noise”  (although  it  was  not  completely  white)  for  oscillations  with  periods  of 
>  100  s.  The  detail  of  these  results  was  reported  elsewhere.^® 
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Fig.  1:  (A)  An  example  of  long-term  HRV 
(R~R  Interval)  and  its  stochastic  surrogate 
(shifted  500  ms  down).  (B)  The  log  correla¬ 
tion  integral  Cm{t)  plotted  against  log  r  at 
the  embedding  dimension  (M)  of  20.  Note 
that  data  sets  were  normaltzed  to  have  unit 
variance  for  the  quantitative  comparison.  Es¬ 
timates  for  correlation  dimensions  for  the  ob¬ 
served  (i/q)  and  the  surrogate  (1/3)  data  are 
expressed  as  rnean  ±  SD.  (C)  Changes  in 
nonlinecLT  predictability  with  the  increment 
of  prediction  time  at  M  =  6. 


CORRELATION  DIMENSION 

A  static  property  of  a  putative  attractor  was  analyzed  by  the  correlation  dimen¬ 
sion  method. The  phase  space  trajectory 

XM(i)  =  x{i  +  X), . . . ,  x{i  4-  (Af  -  1)  •  X)),  (1) 

where  x(i)  was  the  i-th  heartbeat  interval  with  i  running  from  1  to  the  number  of  data 
points  N  and  X  was  a  fixed  lag,  was  reconstructed  with  different  levels  of  embedding 
dimension  M  [M  ~  2,4,...,  20)  and  with  the  X  determined  as  the  first  local  minimum 
of  mutual  information  content.  ^  The  correlation  integral 

CM{r)  ©(f-  I  Xuii)  -  XmU)  I),  (2) 

where  ©()  was  1  for  positive  and  0  for  negative  arguments,  was  calculated  only  for 
pairs  of  vector  of  which  time  indices  (z,  j)  were  separated  by  greater  than  autocorre¬ 
lation  time.  The  same  analysis  was  also  performed  on  the  “iso-spectral”  (stochastic) 
surrogate  data  generated  by  a  windowed  (inverse)  Fourier  transform^  (Fig.  lA). 

For  all  JIX  >  2,  estimates  for  correlation  dimension  (z/  —  log  Cjvf (r)/ log  r  with 
r  0)  for  the  observed  HRV  were  significantly  (P  <  0.001)  smaller  than  those  for  the 
surrogates  (Fig.  2).  While  i/  for  the  surrogates  increased  almost  linearly  with  M,  i/  for 
the  observed  data  had  a  tendency  to  reach  a  plateau  at  higher  M  without  significant 
(P  >  0.05)  differences  between  the  values  for  Af  =  18  and  Af  =  20  (Fig.  2).  At  the 
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Fig.  2:  Averages  for  estimated  corre¬ 
lation  dimensions  of  long-term  HRV 
with  the  increment  of  embedding  di¬ 
mension.  Vertical  bars  express  SD. 
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higiiest  M  of  20,  estimate  for  v  was  11.6  ±  0.5  for  the  observed  HRV  wMle  that  for 
the  surrogates  was  15.3  ±  0.2  (Fig.  IB).  Although  the  absolute  values  of  v  should  be 
interpreted  with  caution,  mainly  due  to  the  difficulties  in  determining  a  unique  straight 
line  in  the  scaling  curves  for  the  correlation  integral,^  it  could  at  least  be  concluded  that 
the  observed  HRV  had  a  different  scaling  relationship  compared  to  stochastic  noise. 

NONLINEAR  FORECASTING 

A  dynamic  property  of  the  attractor  was  studied  by  the  nonlinear  forecasting 
method.^'^  Changes  in  predictablity  with  regard  to  the  prediction  time  (T^;  expressed 
in  beat  number)  was  evaluated  by  calculating  a  correlation  coefficient  (p)  between  the 
observed  and  the  non-paxametricaUy  predicted  values  in  the  phase  space  reconstructed 
from  the  first  differenced  HRV.  One  would  expect  a  dynamic  property  of  a  chaotic 
attractor  to  be  reflected  by  a  decrease  of  the  correlation  (by  the  increased  variance 
due  to  the  exponential  divergence  of  nearby  orbits^^)  between  the  observed  and  the 
predicted  values  as  Tp  increased.  For  the  Tp  of  >  10  beats,  p  was  substantially  zero 
both  for  the  actual  HRV  and  for  the  surrogates  (Fig.  3).  For  the  surrogates,  the  values 
of  p  were  not  difi’erent  for  the  various  levels  of  M  and  decreased  gradually  with  the 
increment  of  Tp  of  <  10  beats  (Fig.  3B).  This  latter  finding  agreed  with  the  recent 


A.  Observed 


B.  Surrogate 


Fig.  3;  Average  correlation 
coefficients  between  the  ac¬ 
tual  and  the  nonlinearly  pre¬ 
dicted  AHRV  as  functions 
of  prediction  time  and  em¬ 
bedding  dimension. 
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observation  that  the  predictability  of  stochastic  Iff  noise  showed  a  pattern  similar  to, 
but  not  the  same  as,  that  of  a  chaotic  time  series. By  contrast,  for  the  actual  HRv' 
the  p  at  Tp  of  <  4  beats  was  significantly  (P  <  0.01)  higher  than  that  for  the  surrogates 
and  was  also  dependent  on  M  (P  <  0.05).  Thus  the  initial  abrupt  drops  in  p  at  lower 
Pp  with  an  optimal  embedding  {M  =  6,  Fig.  1C)  for  the  actual  HRV,  but  not  for 
the  suiTogates,  su^ested  that  HRV  dynamics  had  a  dynamic  property  that  could  be 
indicative  of  chaotic  attractors  in  contrast  to  a  stochastic  noise. 

DISCUSSION 

A  time  series  with  “true”  1//  spectrum  is  nonstationary^  and  not  bounded, 
thus  incompatible  with  the  concept  of  chaotic  attractors  that  are  necessarily  stationary 
and  bounded.  Unlike  human  HRV  recorded  in  daily  life  of  which  1//  scaling  was 
maintained  in  very  low  frequency  range,^®  HRV  at  rest  had  1//  type  spectrum  only  in 
the  higher  frequency  range.  It  was  thought  that  the  limitation  of  the  low  frequency  Iff 
behavior  provide  a  rationale  for  the  hypothesis  that  resting  HRV  might  be  chaotic. 

The  concept  of  chaotic  dynamics  of  human  HRV  has  been  challenged,  and  a 
counter  hypothesis  of  stochastic  colored  noise  has  been  advanced.®  In  this  study,  the 
null  hypothesis  of  stochastic  noise  was  not  accepted  on  the  basis  of  comparisons  be¬ 
tween  actual  long-term  resting  HRV  and  stochastically  generated  surrogate  data.  Our 
results  support  the  possibility  that  resting  human  HRV  might  be  chaotic,^’^  and  that 
the  autonomic  control  mechanisms  of  the  central  nervous  system  might  be  responsible 
for  the  generation  of  these  chaotic  dynamics. 
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ABSTRACT 

We  consider  the  interpretation  of  time  series  data  from  firing  events  in  periodically 
stimulated  sensory  neurons.  The  neurons  are  represented  as  nonlinear  switching  ele¬ 
ments  embedded  in  a  Gaussian  noise  background.  The  cooperative  effects  arising 
through  the  coupling  of  the  noise  to  the  modulation  are  examined,  together  with  their 
possible  implications  in  the  features  of  Inter- Spike- Interval  Histograms  (ISIHs)  that  are 
ubiquitous  in  neurophysiological  experimental  data.  Our  approach  provides  the  simplest 
posible  interpretation  of  the  ISIHs  and  has  been  found  to  reproduce  the  salient  features 
of  experimental  ISIHs.  One  such  comparison,  between  very  recent  data  from  experi¬ 
ments  performed  in  St.  Louis,  on  the  mechanoreceptor  in  the  tailfan  of  the  crayfish 
Procambarus  clarkii,  and  analog  simulations  on  a  simple  nonlinear  exciteable  neural 
model  is  presented  to  elucidate  this  point. 

INTRODUCTION 

Neuroscientists  have  known  for  decades  that  sensory  information  is  encoded  in  the 
intervals  between  the  action  potentials  or  "spikes"  characterizing  neural  firing  events. 
Statistical  analyses  of  experimentally  obtained  spike  trains  have  shown  the  existence  of 
a  significant  random  component  in  the  inter-spike  intervals.  There  has  been  speculation, 
of  late,  that  the  noise  may  actually  facilitate  the  transmission  of  sensory  information; 
certainly  there  exists  evidence  that  noise  in  networks  of  neurons  can  dynamically  alter 
the  properties  of  the  membrane  potential  and  the  time  constants^  Recent  work  by 
Longtin,  Bulsara  and  Moss^  (LBM)  demonstrated  how  experimental  ISIHs  measured, 
for  example,  on  the  auditory  nerve  hbers  of  squirrel  monkey^  and  visual  cortex  of  cat^ 
could  be  explained  via  a  new  interpretation  of  noise- driven  bistable  dynamics.  They  in¬ 
troduced  a  simple  bistable  neuron  model,  a  two- state  system  controlled  by  a  double- well 
potential  with  neural  firing  events  corresponding  to  transitions  over  the  potential  barrier 
(whose  height  is  set  such  that  the  deterministic  stimulus  alone  cannot  cause  transitions). 
The  cell  dynamics  was  described  via  a  variable  x(t)  loosely  denoting  the  membrane 
potential  and  evolving  according  to 

je  =/(x)  +Qsm(<^t)  +F(r),  (1) 

where /(jc)  is  a  flow  function  (expressible  as  the  gradient  of  a  potential  U{x))  and  F{t) 
is  noise,  taken  to  be  Gaussian,  delta- correlated,  with  zero  mean  and  variance  2D. 
Potentials  can  be  either  soft  or  hard  (even  infinitely  hard)  in  the  bistable  description. 
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The  potential  used  here  was  taken  to  be  the  "soft"  function  U(x)  =2^^  ’  ^  x). 

It  is  instructive  to  point  out  that  a  bistable  model  of  the  form  (1)  can  be  derived^  for 
the  dynamics  of  more  complex  networks  of  neurons  and/or  dendrites,  under  certain 
mean- field- like  assumptions.  For  our  analysis,  the  system  (1)  is  numerically  integrated, 
with  the  residence  time  in  each  potential  well  (these  times  correspond  to  the  firing  and 
quiescent  intervals)  assembled  into  a  histogram,  which  displays  a  sequence  of  peaks 
with  a  characteristic  spacing.  Two  unique  sequences  of  temporal  measurements  are  pos¬ 
sible:  the  first  measures  the  residence  times  in  only  one  of  the  states  of  the  potential 
and  the  histogram  consists  of  peaks  located  at  /  =  tiTqII,  Tq  being  the  period  of  the 
deterministic  modulation  and  n  an  odd  integer.  The  second  sequence  encompasses  mea¬ 
surements  of  the  total  time  spent  in  both  potential  wells,  i.e.  it  includes  the  active  and 
refractory  or  reset  intervals;  in  the  presence  of  noise,  the  reset  intervals  are  of  largely 
stochastic  duration.  The  histogram  corresponding  to  this  sequence  consists  of  peaks  at 
locations  t  =  nT^  where  n  is  any  integer.  The  sequence  of  peaks  implies  a  form  of 
phase  locking  of  the  neural  dynamics  to  the  stimulus.  Starting  from  its  quiescent  state, 
the  neuron  attempts  to  fire  at  the  first  maximum  of  the  stimulus  cycle.  If  it  fails,  it  will 
try  again  at  the  next  maximum,  and  so  on.  The  latter  sequence  is  the  only  one  observ¬ 
able  in  an  experiment;  the  former  sequence,  which  corresponds  to  the  refractory  events 
is  elegantly  elucidated  by  tbe  LBM  theory.  Analog  simulations  of  the  dynamics  yield  an 
extremely  good  fit  to  experimental  data;  the  fit  can  be  realized  by  changing  only  one 
parameter  (the  stimulus  intensity  or  the  noise  intensity).  In  addition  to  the  peak  spacing 
in  the  ISIH,  most  of  the  other  substantitive  features  of  experimental  ISIHs  are  explain¬ 
able  via  the  simple  model  (1):  (a).  Decreasing  the  noise  intensity  (keeping  all  other 
parameters  fixed)  leads  to  more  peaks  in  the  histogram  since  the  "skipping"  referred  to 
above  becomes  more  likely.  Conversely,  increasing  the  noise  intensity  tends  to  concen¬ 
trate  most  of  the  probability  in  the  first  few  peaks  of  the  histogram,  (b).  In  general,  the 
probability  density  of  residence  times  is  well  approximated  by  a  Gamma  distribution  of 
T 

the  form  P(T)  =  ^^exp  [-7/(7)],  where  (7)  is  the  mean  of  the  ISIH.  It  is  apparent 

that  7(7)  0  or  exp(-7/{7))  in  the  short  and  long  time  limits,  respectively.  For  van¬ 

ishingly  small  stimulus  amplitude  Q,  the  distribution  tends  to  a  Gamma,  conforming  to 
experimental  observations,  (c).  Increasing  the  stimulus  amplitude  leads  to  an  increase  in 
the  heights  of  the  lower  lying  peaks  in  the  ISIH.  (d).  Memory  effects  (even  within  the 
framework  of  a  description  based  on  the  theory  of  renewal  processes)  frequently  occur, 
particularly  at  very  low  driving  frequencies;  they  manifest  themselves  in  deviations  from 
an  exponentially  decaying  envelope  at  low  residence  times  (the  first  peak  in  the  ISIH 
may  not  be  the  tallest  one),  (e).  The  mean  of  the  ISIH  yields  (through  its  inverse)  the 
mean  firing  rate.  A  more  rigorous  treatment  of  the  above  results  is  available  in  recent 
work®;  this  work  also  includes  comparison  of  our  results  with  recent  experimental  data 
taken  from  cat  auditory  nerve.  The  important  point  to  note  here  is  that  the  results  are 
almost  independent  of  the  functional  form  of  the  potential  U(x),  depending  critically  on 
the  ratio  of  barrier  height  to  noise;  this  ratio  determines  the  hopping  rate  between  the 
basins  of  attraction  in  the  absence  of  noise. 

The  LBM  theory  demonstrates  that  the  peaks  of  the  ISIH  cannot  exist  in  the  absence 
of  noise.  Indeed,  stimulus  cycle  skipping,  which  is  necessary  to  generate  a  sequence  of 
peaks,  cannot  occur  unless  two  conditions  are  fulfilled;  there  must  be  noise,  and  the 
coherent  stimulus  must  be  subthreshold.  It  also  implies  the  existence  of  a  "regulatory 
mechanism"  in  which  sensory  neurons  measure  the  stimulus  amplitude  by  comparing  it 
to  the  background  noise  level,  a  process  that  is  mediated  and  optimized  by  the 
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(internally  adjustable)  potential  barrier  height  in  the  bistable  model. 

HOW  GOOD  IS  THE  BISTABLE  DESCRIPTION? 

Although  the  LBM  model  provides  an  important  first  step  in  the  understanding  of 
r/r^(possibly  pivotal)  role  of  noise  in  sensory  information  transfer,  it  is  farfrom  com¬ 
plete.  The  results  do  not  depend  critically  on  the  characteristics  ofthe  potential  function 
U(x)  and  the  fundamental  question:  what  aspects  of  the  data  are  due  to  the  statistical 
properties  of  noisy  two- state  systems  as  opposed  to  properties  of  cells  that  transcend 
this  simple  description  (or,  can  the  neuron  be  satisfactorly  described  by  a  noisy  bistable 
switching  element),  have  still  not  been  satisfactorily  answered,  although  an  important 
first  step  in  this  direction  is  afforded  by  recent  work^. 

Integrate- fire  (IF)  models  have  been  exceptionally  popular  in  the  quest  for  a  descrip¬ 
tion  of  the  statistical  properties  of  spike  trains  obtained  from  exciteable  cells.  For  the 
classical  Gerstein- Mandelbrot  (GM)  modeF,/(jc)  =  fi,  sl  (positive)  constant  drift  term 
corresponding  roughly  to  the  difference  between  excitatory  and  inhibitory  post-synaptic 
potential  steps;  the  dynamics  (1)  then  corresponds  to  a  Wiener  process  with  drift. 
Other,  somewhat  more  realistic  models^  assume  a  decay  of  the  membrane  potential,  fol- 

X 

lowing  a  firing  event,  to  its  resting  value;  for  these  models  f(x)  =-  -  +  ^  correspond¬ 
ing  to  Ornstein-Uhlenbeck  dynamics.  We  consider  briefly  some  recent  results  based  on 
the  GM  model  with  deterministic  modulation,  A  simple  extension  of  the  original  GM 
calculation  leads  to  a  closed  form  expression  of  the  probability  density  function  of  first 
passage  times  to  an  (absorbing)  boundary  located  at  a  separation  a  from  the  starting 
point.  Each  crossing  of  the  boundary  denotes  a  firing  event  which  is  followed  always  by 
a  deterministic  reset  to  the  starting  point,  accompanied  by  perfect  phase  locking  to  the 
periodic  stimulus  (this  is  not  necessary  for  the  theory;  in  fact  one  can  assume  a  random 
phase  <})  in  the  argument  of  the  deterministic  modulation  term  in  (1),  in  accordance  with 
what  is  more  common  in  experiments.  Then,  averageing  over  the  phase  leads  to  a 
smoothed  ISIH  which  differs  very  little  from  the  spontaneous  case;  we  do  not  discuss 
this  situation  here).  The  solution  of  the  Fokker  Planck  Equation  associated  with  the 
deterministically  modulated  GM  model,  leads  to  an  analytic  computation^  of  the  proba¬ 
bility  density  function  of  first  passage  times.  This  function  displays  peaks  at  locations 
hTq,  similar  to  the  results  obtained  from  the  bistable  LBM  model  (note  that  this  model 
cannoty  however,  elucidate  the  ’hidden"  symmetry  corresponding  to  the  reset  events). 
The  peaks  are  superimposed  on  a  Gamma- like  distribution  characterizing'^  the  Q  =  0 
case.  With  increasing  inhibition,  the  density  function  approaches  a  Gaussian;  the  same 
effect  is  observed  with  decreasing  noise  variance.  While  the  driven  IF  model  reproduces 
some  of  the  salient  features  of  experimentally  observed  ISIHs  it  does  not,  in  general, 
produce  the  same  excellent  agreement  with  the  experimental  ISIHs  that  characterizes 
bistable  models.  The  formal  connection  between  the  two  classes  of  models  is  also  tenu¬ 
ous  at  present. 

We  now  consider  a  third  class  of  neuron  models;  these  are  the  so-called  Fitzhugji- 
Nagumo  models  corresponding  to  exciteable  systems  controlled  by  a  bifurcation  param¬ 
eter.  In  these  models,  when  the  membrane  voltage  variable  crosses  a  boundary,  a  large 
excursion  (identified  as  a  neural  firing  event)  occurs.  This  leads  to  a  natural  definition 
of  a  deterministic  refractory  period,  in  contrast  with  the  statistical  distribution  of  ref¬ 
ractory  events  that  characterizes  bistable  models.  The  FHN  system  is  not  bistable,  but 
can  be  made  periodically  firing  or  residing  on  a  fixed  point,  dependng  on  the  choice  of 
bifurcation  parameter.  We  write  the  equations  for  the  model  in  the  form^^\ 
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V  =  v(v  -  0.5)(1  -  v)  -  w  +  F{t) 

(2) 

^-v-w-{b  +  Q  sin(a)r)), 

where  v  is  the  action  potential  to  which  noise  has  been  added  and  w  the  recovery  vari¬ 
able  to  which  the  signal  is  added.  The  model  has  been  electronically  simulated  in  St. 
Louis,  in  the  fixed  point  regime  (b  =  0.9)  so  that  bursts  of  sustained  oscillations  are 
absent.  Hence  one  obtains  a  randomization  in  the  inter-spike  intervals,  but  some  coher¬ 
ence  with  the  external  signal  is  maintained.  THe  variable  v  is  treated  as  the  'fast"  vari¬ 
able  in  the  dynamics,  and  its  ISIH  has  been  examined  in  this  simulationiL  The  noise 
was  colored  since  its  correlation  time  was  equal  to  the  time  constant  of  the  fast  vari¬ 
able  but  much  smaller  than  the  time  constant  of  the  slow  variable  w. 

The  analog  simulator  has  been  described  elsewhere  and  also  within  this  volume^  i  and 
so  will  not  be  further  described  here.  The  fact  is  that  using  it  we  have  been  easily  able 
to  reproduce  actual  experimental  data  obtained  from  periodic  stimulation  of  crayfish 
mechanoreceptor  cells.  In  order  to  reproduce  the  physiological  data  it  is  only  necessary 
to  set  the  same  signal  frequency  and  then  to  adjust  either  the  periodic  stimulus  intensity 


Fig.  1.  ISIH's  obtained  from  the  crayfish  stimulated  at  68.6  Hz  (upper)  and  the 
FHN  simulator  driven  at  the  same  frequency  with  b  =  0.9  V;  V noise  ~  0-622 
^rms^  ”  0.53  (lower). 

or  the  noise  intensity.  An  example  of  this  is  shown  in  Fig.  1.  Moreover,  the  sharp 
signal  feature,  characteristic  of  additive  noise  as  found  in  the  bistable  systems  appears 
in  power  spectra  obtained  both  from  the  crayfish  and  from  the  FHN  model  operated 
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deeply  subthreshold  as  we  have  discussed  above.  The  crayfish  experiments  are 
described  by  Douglass,  et  al  elsewhere  in  this  volume,  and  so  will  not  be  further  detailed 
here. 


DISCUSSION  AND  CONCLUSIONS 

Stochastic  resonance  is  a  cooperative  nonlinear  phenomenon  wherein  the  signal-to- 
noise-ratio  (SNR)  of  a  weak  time- varying  deterministic  signal  may  be  enhanced  by  the 
noise;  a  plot  of  the  SNR  vs.  noise  strength  demonstrates  a  characteristic  bell-shaped 
profile.  For  low  modulation  frequencies,  the  critical  value  of  the  noise  strength  corres¬ 
ponds  to  a  matching  between  the  modulation  frequency  and  twice  the  Kramers  rate.  The 
effect  has  been  extensively  analysed^  ^  and  observed  in  a  wide  variety  of  physical  sys¬ 
tems.  It  is  evident  that,  in  order  to  take  advantage  of  this  effect,  there  must  exist  a  form 
of  self- regulatory  mechanism  such  that  the  internal  parameters  of  the  system  (these 
parameters  control,  for  instance,  the  characteristics  of  the  potential  function  describing 
bistable  systems  of  the  form  described  earlier  in  this  work)  can  be  adjusted  so  that  it 
operates  close  to  the  maximum  of  the  SNR  curve.  It  is  tantalizing  to  speculate  that  bio¬ 
logical  sensory  systems  might  actually  routinely  utilize  this  effect  for  the  processing  and 
transmission  of  information.  Our  studies  of  collective  behavior  in  large  networks 
showi3  that  the  coupling  to  other  elements  can  enhance  or  degrade  the  SNR  depending 
on  the  magnitudes  and  signs  of  the  coupling  coefficients  (i.e.,  the  excitatory  or 
inhibitory  nature  of  the  interactions  is  critical) . 

The  precise  connection  between  the  ISIHs  and  SR  remains  somewhat  tenuous, 
although  several  features  of  the  ISIHs  lend  themselves  to  an  interpretation  based  on  SR. 
Perhaps  the  most  important  of  these  features  is  that  the  heists  of  successive  peaks 
(excluding  the  first)  pass  through  a  maximum  as  a  function  of  the  noise  strength^ 
ISIHs  obtained  from  the  IF  models  display  the  same  features^.  So  far,  attempts  to  quan¬ 
tify  this  'Vesonance"  as  a  matching  of  two  characteristic  rates  have  been  inconclusive, 
largely  because  of  the  difficulty  of  (numerically)  producing  good  ISIHs  with  low  noise. 
The  question  of  defining  a  ’SNR"  from  the  ISIHs  is  also  largely  unanswered. 

Experimental  investigations  into  the  occurrence  of  SR  in  living  systems  are  now 
underway  at  at  least  two  laboratories.  Douglass,  et  al  in  this  volume  and  Douglass, 
Moss  and  Longtin^^  have  measured  the  SNR  vs.  noise  strength  curves  in  the  crajfish 
mechanoreceptor.  With  externally  applied  noise,  the  SNR  displays  the  characteristic 
bell-shaped  response  of  SR.  However,  another  and  inherently  more  interesting  case 
exists:  that  wherein  the  neuron  makes  use  of  its  own  internal  noise  for  subthreshold 
signal  transmission.  This  question  directly  relates  to  the  possibility  of  the  existence  of 
an  internal  noise  regulatory  mechanism  alluded  to  above  and  to  questions  of  the  evolu¬ 
tionary  development  of  sensory  organs  using  inherently  noisy  transducers.  The  experi¬ 
mental  difficulty  is  that  the  internal  neuronal  noise  is  only  indirectly  controllable,  via 
the  temperature  of  the  preparation,  for  example.  For  the  internal  noise  case,  the  results 
are  not  as  clear.  The  SNR  increases  monotonically  as  a  function  of  the  temperature  of 
the  saline  bath,  the  crayfish  having  been  acclimated  for  many  weeks  in  either  hi^  or 
low  temperature  environments.  While  there  exists  an  optimal  temperature,  that  is  a 
temperature  for  which  the  SNR  passes  through  a  maximum,  this  result  does  not  demon¬ 
strate  SR  using  the  internal  neuronal  noise.  The  reason  is  that  the  internal  noise  also 
decreases  beyond  the  optimal  temperature,  so  that  the  mechanism  which  maximizes  the 
SNR  at  the  optimal  temperature  is  different  from  SR.  However,  on  the  low  tempera¬ 
ture  side,  the  SNR  still  increases  approximately  linearly  on  a  logarithmic  scale  with  in¬ 
creasing  temperature  (internal  noise  intensity).  This  result  is  significant  in  its  own  rigjit; 
it  points  to  the  existence  of  a  fundamental  nonlinear  dynamic  mechanism  underlying  the 
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cell  response.  Nevertheless,  the  dynamics  underlying  SR  seem  to  be  the  most  likely  to 
provide  explanations  for  the  observed  effects.  These  (albeit  somewhat,  preliminary) 
results  lend  credence  to  our  speculations  regarding  the  positive  role  of  noise  in  the  det¬ 
ection  and  quantification  of  signals  by  sensory  neurons. 

Work  supported  by  grants  from  the  US  Office  of  Naval  Research. 
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THE  THERAPEUTIC  EFFECT  OF  LDUI-FREQUENCY  MAGNETIC  FIELD 

Prof .Dr .Dimitar  C.  Dimitrov,  SoFia-93,  P.O.B.  27, Bulgaria 
Technical  Diversity ,  Chair  cF  Radiotechnics 


The  magnetic  Field  are  uiidely  adopted  in  modern  medecine. 
In  this  connection  problems  oF  primary  mechanisms  in  their 
inFluence  upon  biological  objects,  more  precise  deFinition 
oF  schemes  oF  their  medicinal  application  are  oF  great 
signiFicance .  Our  observations  reaFFirm  an  active  role  oF 
microcirculation  as  a  Factor  that  determinates  a  degree  oF 
vascular  reactions.  Both  blood  rheological  properties  and 
membrane  permeability  are  changed. 

The  sensitivity  oF  biological  objects  to  the  action  oF 
magnetic  Field  CMFD  drous  more  and  more  attention  oF 
investigators  during  recent  years.  All  the  biological 
objects.  From  unicellularto  pollycellular  organisms , possess 
magnetic  sensitivity.  Houjever,  the  molecular  mechanisms, 
being  the  basis  oF  magnetic  sensitivity  oF  biological 
objects , hitherto  remain  obscure. 

During  the  last  years  series  oF  experimental  data  has 
been  obtained  in  our  laboratory  on  potential  independent 
mechanism  by  which  Na-pump  regulats  membrane  Functional 
activity.  These  data  allow  us  to  suggest  a  new  theory  oF 
metabolic  regulations  oF  cell  Function  according  to  which 
the  electrogenic  Na-pump  is  a  universal  selFragulating 
mechanism  by  which  the  metabolic  regulation  oF  membrane 
enzimatic,  chemoreceptive  and  exitable  properties  are 
realased.  The  idea  oF  electrogenic  Na-pump  predicts  that 
during  its  work  the  call  volume  will  change  as  a  results 
oF  loss  oF  more  osmotic  active  intracellular  particles. 

From  the  detailed  studies  oF  the  mechanism  Forming  the 
basis  oF  the  correlation  between  pump  activity  and 
membrane  chemoreceptivity  it  may  come  to  the  conclusion 
that  chemoreceptors  in  the  membrane  are  Functionally 
active  and  inactive  states  depending  on  the  membrane 
packing,  and  the  electrogenic  Na-pump  can  modulate  the 
membrane  chemosensitivity  by  changing  the  cell  surFace. 
Dn  the  bases  oF  the  Findings  reported  above  it  is  sugested 
that  the  electrogenic  Na-pump  is  a  powerFul  mechanism  by 
which  the  metabolic  regulation  oF  the  cell  volume  takes 
places  and  such  a  regulation  has  a  great  phisiological 
signiFicance  in  the  metabolic  regulation  in  number  oF 
Functional  active  properties, i .e .the  cell  by  pump-dependence 
membrane  surFace  changes  are  realizing  the  metabolic 
regulation  oF  membrane  permeability,  excitability  and 
enzymatic  activity. 

The  MF  inFluence  oni  the  main  blood  components-ery throcy tes 
and  haemoglnhin  has  also  been  prov/ed *  Some  parameters  of 
the  leukocytic  bleed  reaction  in  MF  hav/e  establ ished . The 
magnetohaematogic  eFfects  have  been  studied  during  and  after 
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the  action  of  MF  on  the  whole  bogy  or  ints  separate  parts . 

riF  become  a  lump  Factor,  which  changes  the  living 
conditions  in  the  biosphere  and  thus-inf luences  every  level 
of  organization  of  biosistems : From  membranes  to  biosphere  in 
general.  Discussing  the  primary  physical-mechanisms  oF  the 
biological  inFluence  oF  flF  in  should  be  painted  that  such 
mechanisms  are  various  and  that  flF  have  several  biotrophic 
parameters  Ccomponent,  intensity,  Frequency,  From  oF  the 
impulse,  gradient ,  vector  ,  exposition ,  localisation  etc.:)  which 
have  to  be  taken  into  account  at  every  particular  study.  It 
should  not  Forget  that  on  the  Final  result  oF  the 
investigation  oFten  can  iFluence  some  non-known  flF  with 
geophysical  or  industrial  origin. When  they  are  combined  whit 
other  physical  Factors  as  gravitation,  sound  etc.  HF  can 
provoke  completely  diFFerent  bioeFFect .  The  biological 
eFFects  increase  when  one  or  more  biotropic  Factors  are 
varied  during  the  experiment . IF  should  be  taken  into  account 
especially  when  hygienic  standards  and  physiotherapeutic 
equipment  are  developed.  The  Final  biological  eFFect  oF  PIF 
depend  also  on  such  pecularities  oF  the  biosystem  as  are 
Cchildren  and  old  people  are  more  reactable3,  sex  Cman  are 
more  sensitive^ ,  Functional  state  Ca  Functioning  organ  react 
strongerDor  individual  characteristice .  It  is  quite  possible 
that  all  these  eFFects  are  connected  whit  the  activity  oF 
the  membrane . 

A  disadvantage  oF  the  constant  magnetic  Field  For  magnetic 
therapy  is  its  low  therapeutic  eFFect.  So,  an  embodiment  oF 
the  paper  may  provide  an  apparatus  For  magnetic  therapy  whit 
increased  therapeutic  eFFect.  The  Frequency  oF  the  magnetic 
Field  oF  these  apparatus  can  change  linearly  CFor  exempleD 
automaticcally  For  a  determined  peroid  oF  time  ”T”  Form  0  to 
100  Hz  and  reversely , Form  0  to  a  Frequency  Fx  and  reversely 
For  Fx  in  the  range  From  0  to  100  Hz  and  Functional 
Frequency  in  the  range  from  0  to  100  Hz.  The  flF  generated 
From  the  apparatus  possess  an  expressiv  analgesic,  anti- 
inFlammatory  and  thophic  eFFect,  and  are  stimulatig  the 
development  oF  the  collateral  net  vessels  and  the 
permeability  oF  the  vessels  and  membranes.  The  MF  generated 
From  these  apparatus  have  an  application  in  the  therapy  oF 
diseases  do  not  have  many  contraindications.  The  apparatus 
For  magnet  therapy  is  disigned  For  lowFrequency  magnetic 
Field  treatment  of  the  Following  diseases: 

Pulmonal  diseases-bronchial  asthma,  bronchitis,  bronciec- 
tasies,  pulmonal  tubercolosis ,  pulmonal  and  pleural 
inFlammations  and  othersj 

Cardio— vascular  diseses-arterial  hypertension,  ischemic 
heart  diseases  CIHDD ,  heart  attack,  arterial  obliteration  oF 
the  limbs  CendarterFitis  obi iteransDacute  and  chronic  venose 
insuFF iciency ; 

Diseases  oF  the  Joints  and  their  peripheral  tissues  Cperi- 
arthritis^:  osteoarthritis,  rheumatic  arthritis.arthroso- 
arthritis, rheumatic  arthritis , arthrosoarthritis  and  others; 

Surgical,  orthpedis  and  traumatologic  diseases-Fractures , 
postoperative  Fistuies , infi Itrations  and  others; 
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NeurDlagical  diseases-neuritis ,  radiculitis,  discopathy, 
stroke  and  others; 

Dermatological  diseases-skin  allergy , dermatitis , psoriasis 

sclerodermi  and  others;  j.  •  4.  • 

Genaecological  cases-adnexit is ,  parametritis,  mastitis; 

ENT  diseasBS-sinuitis ,  otitis,  h. Meniere,  etc; 

□phtalmic  diseases-distrophy  of  the  ophtalmical  nerve, 
ret initis , datal  diseases-mandifaular  f racure , paradentitis  etc. 

Depending  on  the  cases  suitable  inductors  and  suitable 
impulses  of  magnetic  field  are  used. 


REFERENCE:  ^ 

/l/ .  Torov,  N . G . Magnetotherapy ,  Sofia,  M.  and  F. 
/E/  .  Dimitrov  D.C.  Apparatus  for  magnetotherapy 
Patent  No  671S3,  Bulgaria,  13B7 
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Stochastic  Resonance  in  Crayfish  Hydrodynamic 
Receptors  Stimulated  with  External  Noise 

J.K.  Douglass,  L.A,  Wilkens,  E.  Pantazelou  and  F.  Moss 
Departments  of  Biology  and  Physics 
University  of  Missouri,  St.  Louis,  MO  63121  USA 

ABSTRACT 

Stochastic  Resonance  (SR)  is  a  statistical  process  occuring  only  in  nonlinear  dynami¬ 
cal  systems  whereby  a  subthreshold  coherent  stimulus  or  signal  can  be  enhanced  by 
noise.  The  signal  alone  is  too  weak  to  cause  a  state  change  of  the  system.  State 
changes  are  the  carriers  of  information  through  the  system.  In  the  presence  of  random 
noise,  however,  the  system  can  change  state,  more-or-less  randomly,  but  with  some 
degree  of  coherence  with  the  signal,  A  measure  of  this  coherence  at  the  output  shows  a 
maximum  at  an  optimal  value  of  the  noise  intensity  as  the  signature  of  SR.  SR  is  the 
object  of  recent  and  continued  experimental  and  theoretical  research  in  statistical  phy- 
sicsU^.  While  SR  has  been  demonstrated  in  a  variety  of  physical  systems^,  it  has  not 
yet  been  discovered  in  any  naturally  occurring  system.  This  paper  was  stimulated  by 
the  idea  that  the  sensory  nervous  system  might  be  an  appropriate  setting  for  a  search 
for  naturally  occurring  SR.  The  detection  of  weak  stimuli,  often  in  the  presence  of 
noise,  is,  after  all,  the  first  business  of  the  sensory  system.  Moreover,  the  system  is 
evolved,  which  admits  the  possibility  that  the  process  of  natural  selection  might  have 
resulted  in  an  optimization  with  respect  to  the  (inevitable)  noise.  This  paper  describes 
an  experiment  designed  to  observe  SR  in  the  mechanoreceptor  cells  of  the  crayfish  Pro- 
cambarus  clarkii,  shown  on  the  left  in  Fig.  1,  using  external  noise  plus  a  weak  coherent 
signal  as  the  stimulus. 


INTRODUCTION 

Hair  mechanoreceptors  are  abundant  on  the  external  surfaces  of  crayfish  and  are 
specialized  for  detecting  small  water  disturbances  that  arise  from  potential  predators, 
prey,  and  other  sources.  When  stimulated,  individual  receptor  cells  encode  directional, 
frequency  and  intensity  information  in  sequences  of  action  potentials  (spikes),  which 
then  proceed  to  the  central  nervous  system  of  the  animal  for  further  processing.  Using 
this  receptor  system,  we  have  demonstrated  that  random  noise  added  to  weak  periodic 
water  movement  stimuli  can  enhance  the  flow  of  information  carried  by  the  spikes. 
This  effect  is  similar  to  the  phenomenon  of  stochastic  resonance  known  in  bistable 
physical  systems but  the  question  of  bistability  in  models  of  sensory  neurons  is  a 
topic  of  current  discussion.  Nevertheless,  SR  has  also  been  shown  to  exist  in  noisy 
threshold- type  systems  stimulated  with  subthreshold  signals,  for  example  the  FitzHugh- 
Nagumo  system,  which  is  an  accepted  model  for  encoding  the  spikes  in  sensory  neu¬ 
rons^  . 


EXPERIMENTAL  PROCEDURE  AND  APPARATUS 

For  each  experiment,  a  small  piece  of  the  tailfan  was  dissected  from  a  crayfish  abdo¬ 
men,  keeping  the  associated  sensory  nerves  intact.  The  preparation  was  mounted  on  an 
electromagnetic  vibrator  and  immersed  in  saline  solution.  Receptors  were  stimulated 
by  moving  them  relative  to  the  saline  solution,  using  the  summed  outputs  from  a  sine 
generator  and  a  random  noise  generator.  The  spiking  activity  of  single  receptor  cells 
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was  recorded  using  standard  electrophysiological  methods,  and  spike  times,  signal  traces 
and  noise  amplitudes  were  digitized  and  analyzed  by  computer.  A  diagram  of  the  appar- 


Fig.  1.  (left)  The  crayfish  Procamharus  clarkii,  male.  Approximately  200 
motion-  and  direction- sensitive  hairs  are  located  in  the  tailfan.  They  respond 
to  direction  and  velocity  of  water  currents,  (right)  The  experimental  appar¬ 
atus.  Standard  extracellular  recording  techniques  are  used.  A  suction  pipette 
electrode  is  attached  to  the  nerve.  After  locating  a  strongly  reacting  cell,  the 
individual  hair  which  excited  this  particular  cell  was  located  and  identified  by 
"tweaking"  the  hairs  at  random.  The  appendage  was  then  rotated  while  record¬ 
ing  in  order  to  determine  the  direction  of  maximum  sensitivity.  Sinusoidal  and 
noise  waveforms  are  attenuated  separately  then  added  to  make-up  the  input  to 
the  motion  transducer.  The  hair  cells  are  remarkably  sensitive,  responding 
with  easily  measurable  excitations  to  displacements  of  about  10  nanometers 
and  to  velocities  of  a  few  tens  of  micron  meters  per  second.  The  entire 
apparatus  is  mounted  on  a  vibration  isolation  table  and  operated  inside  a  Fara¬ 
day  cage. 

atus  is  shown  in  Fig.  1  on  the  right. 

Receptor  responses  to  stimuli  were  assessed  by  computing  signal-to- noise  ratios 
(SNR’s)  from  measured  power  spectra  obtained  from  the  time  series  of  the  action 
potentials  (spikes).  The  spike  times  were  also  recorded,  from  which  were  obtained  in¬ 
terspike  interval  and  cycle  histograms  plus  interval  and  phase  return  maps  (not  shown 
here).  Each  experiment  began  by  using  sinusoidal  stimuli  alone  to  measure  the  direc¬ 
tional  selectivity  of  the  cell.  All  subsequent  measurements  employed  the  stimulus 
direction  corresponding  to  the  maximal  response.  Before  noise  was  added  to  the  signal, 
responses  to  a  range  of  stimulus  frequencies  and  intensities  were  measured.  Finally, 
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responses  to  added  noise  were  measured  using  a  near  threshold  stimulus  intensity  at  the 
'best  frequency"  for  the  cell.  A  set  of  three  measured  power  spectra  are  shown  in  Fig. 
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Fig.  2.  Power  spectra  measured  for  zero  (upper),  optimal  (middle)  and  larger 
than  optimal  (lower)  external  noise  intensities.  The  insets  on  the  right  show 
samples  of  the  spike  trains.  The  middle  inset  left  shows  the  signal  alone  and 
signal  plus  the  noise  for  optimal  stimulation.  The  lower  left  inset  shows  the 
power  spectrum  of  the  input  before  application  to  the  motion  transducer 
which  introduced  a  6.8  dB  per  decade  roll-off  in  frequency. 

2.  For  these  experiments,  neurons  with  low  internal  noise  were  chosen. 
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Figure  3  left  shows  an  example  of  SNR  values  obtained  from  the  power  spectrum  of 
spike  times  upon  stimulation  with  a  55- Hz  signal.  There  is  an  optimal  noise  level  (ca. 
0.14  V  rms),  at  which  the  SNR  is  maximized.  In  Fig.  3  right,  the  signal  intensity  was 
varied  while  stimulating  with  or  without  added  external  noise.  The  SNR’s  increase  with 
stimulus  intensity,  and  are  consistently  higher  when  external  noise  is  present.  These 
results  raise  the  intriguing  possibility  that  living  organisms  can  actually  use  noise  to 
detect  stimuli  that  would  otherwise  be  undetectable.  A  recent  psychophysical  experi¬ 
ment  with  humans'*  points  directly  to  this  possibility;  additional  physiological  and  beha¬ 
vioral  experiments  are  also  planned  in  this  laboratory. 


Fig.  3.  (left)  SNR  versus  the  noise  voltage  (before  attenuation)  applied  to  the 
motion  transducer.  A  maximum  in  the  SNR  at  an  optimal  noise  voltage  of  ca 
0.14  V  rms  is  clearly  shown,  (right)  Threshold  measurements  showing  the 
SNR  versus  signal  voltage  with  optimal  noise  (squares)  and  without  noise  (tri¬ 
angles).  The  upward  shift  with  noise  added  indicated  a  lower  detection  thres¬ 
hold. 
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ABSTRACT 

We  studied  human  center  of  gravity  body  sway 
while  quiet  standing  in  upright  posture.  These  1/f 
oscillations  possess  rich  information  about  the  state  of 
the  central  nervous  system.  We  disoussed  the  techniques 
and  results  of  analysis  of  experimental  data  and 
proposed  the  dynamical  model  of  the  human  posture 
control  system. 


INTRODUCTION 

Investigation  of  the  human  posture  control  is 
very  interesting  from  meohanioal  standpoint  as  an 
example  of  control  in  the  multi-degree-of-freedom 
system.  This  study  is  also  ve:^  important  for  physiology 
and  medicine,  as  body  sway  while  maintaining  upright 
posture  contain  rich  information  about  the  state  of  the 
central  nervous  system  (CNS).  These  small  oscillations 
are  usually  measured  by  special  force  plate.  It 
registers  the  deviation  of  the  center  of  pressin?e  on  the 
plate,  or,  as  the  first  approximation,  the  deviation  of 
the  center  of  gravity  of  the  human  body  in  anterior- 
posterior  and  lateral  directions.  These  records  are 
called  stabilo^ams.  For  their  processing  we  used, 
besides  traditional  techniques,  methods  of  nonlinear 
dynamics  and  analysis  of  predictability  of  time  series. 
The  results  of  data  analysis  have  demonstrated,  that  the 
described  approach  can  be  used  for  diagnostics  of  some 
neinrological  diseases. 

TECHNIQUES  AND  RESULTS  OF  THE  ANALYSIS 

Our  experiments  were  conducted  in  cooperation 
with  Dr.  R.A.Kuuz  in  the  Moscow  Clinic  of  Nervous 
Diseases.  We  obtained  more  than  200  stabilograms  for 
healthy  persons  and  patients  with  different  neurological 
pathologies  (Parkinson’s  disease,  multiple  sclerosis, 
functional  disorders  and  others).  For  processing  of 
stabilograms  we  used  different  statistical  techniques, 
spectral  and  correlation  analysis.  The  Fourier  power 
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Bpeotra  in  the  frequency  region  up  to  10  Hz  were  found 
to  be  of  the  form  typical  for  1/f  flue tioat ions.  The 
slopes  of  log-log  power  spectra  differed  for  normal 
subjects  and  patients  with  some  neiirological 
pathologies,  and  the  oross-spectrum  analysis  has  shown 
the  absence  of  linear  relationship  between  oscillations 
in  anterior-posterior  and  lateral  directions.  The  only 
exception  was  found  in  examination  of  patients  with 
functional  hysteria.  In  this  case  the  low  frequency 
(0.5  -f  1  Hz)  periodical  coherent  oscillations  in  two 
directions  were  observed. 

The  probability  distribution  functions  for  the^ 
majority  of  processed  records  were  close  to  the  Gaussian 
one.  The  strong  deviation  from  Gaussian  law  we  foiand, 
besides  functional  hysteria,  in  the  case  of  ataxy,  when 
the  distribution  has  distinct  asymmetry.  Important 
diagnostic  information  is  contained  in  the  two- 
dimensional  probability  distribution  for  oscillations  in 
two  directions.  For  its  description  we  approximated  the 
histogram  with  a  function  with  one  parameter  c.  The 
values  of  C  in  the  range  0.8  -*-1.4  were  found  typical 
for  healthy  persons,  the  values  1.6  -i-  2  are 
characteristic  for  psychogenic  disorders  (neurosis ) ,  and 
the  values  c  >  2  indicate  of  severe  pathologies  like 
Parkinson’s  disease  and  tumour  of  the  brain. 

A  very  interesting  problem  is  the  establishing  of 
the  nature  of  observed  oscillations.  There  exist  the 
viewpoint  that  they  represent  the  reaction  of  the 
controlled  biomechanical  system  to  the  external  random 
perturbation  of  unclear  origin.  In  oup  previous  works  we 
assiomed  that  chaotic  character  of  experimental  time 
series  was  due  to  the  complex  nonlinear  dynamics  of  the 
posture  control  system.  In  order  to  prove  the 
deterministic  nature  of  this  fluctuations  we  estimated 
the  attractor  correlation  dimension  and  investigated  the 
predictability  of  stabilograms. 

For  computation  of  attractor  correlation 
dimension  v  we  used  8  experimental  time  series,  9000  of 
points  each.  Two  records  were  obtained  in  experiments 
with  healthy  subjects  and  six  in  experiments  with 
patients  with  different  neurological  pathologies.  For 
the  patient  with  neurosis  we  obtained  w1 .8.  This  can  be 
explained  by  the  absence  of  developed  chaos.  For  other 
patients  we  obtained  v  in  the  range  2.2  -J-  3-5,  and  for 
healthy  subjects  in  the  range  2. 1-^-2. 2.  Using  our 
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teohinque,  we  eBtimated  also  tlie  aiitraotor  embedding 
dimension  for  more  than  20  experimental  records.  For  all 
records  we  found  this  dimension  less  than  5.  These 
results  allow  to  draw  the  conclusion  about  the  dynamical 
origin  of  observed  oscillations. 

In  order  to  study  the  predictability  of  the  time 
senes  we  used  two  techniques.  The  first  one  is  based  on 
the  computation  of  the  root  mean  square  error  for  the 
prediction  by  means  of  linear  autoregression  model.  The 
second  one  consists  of  evaluation  of  the  power  of 
fimctional  relationship  between  successive  points  in  the 
time  series.  The  power  of  functional  relationship  can  be 
estimated  from  the  rate  of  decrease  of  the  Raibman 
dispersion  fimction.  In  both  oases  we  compared  the 
characteristics  of  predictability  for  the  experimental 
time  series  with  those  for  specially  designed  noise  with 
exactly  same  spectrum.  We  assumed  that  chaotic  time 
series  possesses  more  strong  functional  relationship 
between  points  and  is  more  predictable  than  noise.  The 
obtained  results  indicate  the  detenninistio  nature  of 
chaotic  body  sway. 

*  MATHEMATICAL  MODEL  OP  POSTURE  DYNAMICS 

On  the  base  of  analysis  of  stabilograms  we 
proposed  dynamical  model  of  posture  dynamics.  Such  model 
must  include  models  of  muscle-skeletal  and  motion 
control  subsystems.  The  first  one  is  usually  considered 
as  one—  or  multi— link  inverted  pendulum.  The  control 
system  t^e  the  inf omiat ion  about  the  coordinates  and 
velocities  of  links.  This  information  is  obtained  by  the 
CNS  from  the  muscle  ^d  Joints  receptors  and  from  the 
visual  analyzer.  It  is  supposed  that  CNS  governs  the 
muscle  torques  on  the  ground  of  coordinate  and  velocity 
feedback  loops  with  time  delay.  Prom  the  other  side,  CNS 
also  performs  the  feed  forward  control  defining  the 
stiffness  of  the  Joints.  We  considered  the  control 
scheme  incorporating  two  simultaneously  operating 
control  chsmnels  correspondent  to  pyramid  and 
extrapyramid  parts  of  the  CNS.  Both  parts  use  feedback 
and  feed  forward  control  strategy  providing  hi^ 
reliability  of  the  whole  system.  After  qualitative 
discussion  of  the  role  of  different  parts  of  the  brain 
in  the  control^ we  proposed  the  simplified  scheme,  which 
was  used  for  simulation.  We  considered  the  muscle- 
skeletal  systems  as  one— link  inverted  pendulum  with 
point  mass  M  at  its  upper  end.  The  equation  of  motion  of 
such  model  is  as  follows: 
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Cp  +  2h(p  4-  — ^  ^  ♦Cp  +  ^ 

Where  cp  is  the  an^le  of  the  ankle  joint,  I  is  the  moment 
of  inertia,  I  is  the  distance  between  the  center^ of 
gravity  and  the  base,  h  is  the  damping  ratio,  it  is  pic 
stiffness  of  the  joint,  and  are  respectively  the 

coefficients  of  position  and  velocity  feedback  loops, 
and  piece-wise  linear  function  f{x)  describes  the 
performance  of  muscle  and  joint  spindles 
which  are  known  to  have  some  sensibility  tiireshold-  The 
values  of  threshold  and  time  delay ^  in  the  loops  T  were 
chosen  in  accordance  to  known  physiological  data. 

The  stiffness  of  the  joint  U  can  be  chosen  from 
the  following  considerations.  If  ie  ^  Mgl  than 
stiffness  of  the  joint  compensates  the  action  of  the 
gravity  torque  and  the  muscle  power  is  spent  against  the 
friction  force  only.  Therefore,  we  supposed  that  the  oNS 
realizes  such  control  regime  that  the  natural  frequency 
of  the  mechanical  subsystem  is  close  to  zero. 


By  computer  simulation  we  found  out  that  the 
solution  of  the  equation  of  motion  of  the  body  may  be 
periodic  or  chaotic,  depending  on  the  values  of  feedback 
coefficients  and  a^;  the  region  in  the  a^  -  a^  plane 

correspondent  to  chaos  was  determined.  The  analysis  of 
time  dependencies  and  power  spectra  of  the  solutions 
showed  that  the  proposed  simple  model  can  describe  ^ 
qualitatively  the  investigated  process.  The  correlation 
dimension  of  the  attractor  {v  2.3)  is  also  in 
agreement  with  experimental  data. 

Considering  the  muscle-skeletal  systems  as  ^  three- 
link  inverted  pendulum  we  obtained  the  more  complicated 
equations  of  motion  for  the  coordinate  X  of  the  center 
of  gravity: 

x+Zhx+k  [x-z )  =0 ,  z^-Q  ^  z-Cg/  ( t-i )  j  -c^/  ( t -t  )  j  ,  ( 2 ) 

where  function  /  described  the  nonlinear  performance  of 
receptors  and  h,  k,  and  C3  were  parameters.  These 

equations  also  displayed  chaotic  behavior.  For  >>  h 

they  can  be  drawn  to  the  above  considered  equation. 
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ABSTRACT 

Stochastic  Resonance  (SR)  is  the  name  given  to  a  statistical  nonlinear  phenomenon 
whereby  a  weak  or  subthreshold  coherent  function  can  be  amplified  by  random  forces, 
or  noise,  within  the  system.  It  was  first  advanced  in  the  early  1980’s  as  a  possible 
explanation  for  the  observed  periodicities  in  the  recurrences  of  the  Earth’s  Ice  AgesU^. 
The  first  publication  of  a  modern  theory^"^  led  to  an  experiment^  and  a  flurry  of 
further  theoretical  activity^"^,  an  international  conferences^  and  a  reviewSS.  In  this 
paper,  we  describe  a  demonstration  experiment  wherein  SR  is  exhibited  in  a  supercon¬ 
ducting  quantum  interference  device  (SQUID).  Here  SR  is  viewed  as  a  noisy  informa¬ 
tion  transmission  process.  It  is  entirely  appropriate,  therefore,  to  look  for  this  dynam¬ 
ics  in  a  widely  used  sensitive  detector  in  this  example,  a  detector  of  weak  magnetic 
fields.  Using  a  modern,  minature,  thin  film  SQUID^^,  we  hope  this  demonstration  will 
stimulate  further  research  and  development  of  SR  in  applied  superconductivity. 

INTRODUCTION 

We  have  demonstrated  Stochastic  Resonance^  in  a  bistable  SQUID  loop,  as  a  first 
step  in  stimulating  interest  in  possible  applications  using  superconducting  devices.  We 
begin  with  an  equation  governing  the  magnetic  flux  trapped  within  an  rf- SQUID  loop^U 

1 

LCcf)  +  +  <?!)  -f-  ^sin(27n^)  =  0^  ,  (1) 


where  0  =  ^(r)/  is  the  normalized  magnetic  flux  trapped  within  the  loop,  0^  = 
the  normalized  flux  externally  imposed  on  the  loop,  $q  =h!2e  is  the  flux 
quantum,  L  and  C  are  the  loop  inductance  and  junction  capacitance  respectively,  and 
=  LIRj  is  the  junction  resistance.  The  parameter  which  determines  the  shape  of  the 
potential  governing  the  dynamics  of  (1)  is  /5  =  where  i^  is  the  junction  criti¬ 

cal  current.  In  our  experiment,  the  external  flux  %  was  composed  of  DC,  periodic  and 
stochastic  components: 

=  ^Dc  +  ^A/Sin(a),0  4-  $^(r),  (2) 

where  the  periodic  component  represents  an  audio  frequency  signal,  and  the  stochastic 
component  was  a  Gaussian  noise  whose  bandwidth  was  in  the  audio  ranged  4  Bistability 
is  a  prerequsite  for  observations  of  SR.  Equation  (1)  is  bistable  for  certain  values  of  ^ 
and  the  quantity  which  shows  the  bistable  dynamics  is  the  flux  trapped  within 

the  loop,  0(r). 
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DESCRIPTION  OF  THE  EXPERIMENTAL  APPARATUS 

In  order  to  experimentally  observe  the  bistable  dynamics,  one  must  measure  the 
trapped  flux  <^r).  This  requires  a  second  SQUID,  either  mounted  coaxially  with  the 
loop  of  the  first  SQUID,  or  coupled  to  it  with  a  superconducting  transformer^^.  We 
chose  the  latter  configuration.  The  primary  SQUID  was  a  thin  film  device  mounted  on 
a  single  chip  with  integrally  mounted,  superconducting  transformer  primaries  supplied 
by  Quantum  Magnetics.  This  is  a  thin  film  SQUID  with  primary  and  secondary  windings 
coupled  to  the  SQUID  all  evaporated  on  a  single  silicon  chip.  The  Quantum  Design  DC 
SQUID  chip  is  shown  in  Fig.  1 .  It  is  the  first  commercially  available  and  the  most  sen¬ 
sitive  all-thin-film  DC  SQUID  sensor.  The  junctions,  located  in  the  central  region  of 
the  chip,  are  made  in  the  state-of-the-art  niobium  trilayer  technology  on  silicon  and  are 
part  of  two  two  identical  loops  connected  in  parallel,  each  coupled  to  an  input  coil. 
This  unique  "double  balanced"  design  reduces  coupling  between  the  input  and  modulation 


Fig.  1,  The  Quantum  Design  DC  SQUID.  The  rectangles  around  the  edges  are 
bond  pads  for  electrical  connections.  The  left  and  right  spiral  coils  couple  the 
input  signal  to  the  SQUID  loops.  The  upper  and  lower  coils  are  used  for  a 
500  kHz  AC  flux  modulation  used  for  noise  reduction.  The  current  and  volt¬ 
age  leads  appear  as  a  cross  but  are  not  connected  in  the  middle.  The  two 
Josephson  junctions  are  located  at  the  lower  left  and  upper  right  of  the  cross 
but  near  the  center.  The  size  of  the  chip  shown  is  5  x  3  mm. 

coils  to  negligible  levels  while  giving  high  mutual  inductance  with  the  SQUID. 

The  secondary,  or  measuring,  SQUID  was  a  standard  BTI  modeF^,  which  was  cou¬ 
pled  to  the  primary  SQUID  with  a  completely  superconducting  transformer.  A  sche¬ 
matic  diagram  of  the  experimental  setup  is  shown  in  Fig.  2.  This  apparatus  was 
mounted  inside  a  superconducting  Nb  shield  and  mounted  near  the  bottom  of  a  liquid 
helium  dewar.  The  apparatus  was  operated  at  a  temperature  of  4.2  in  boiling  liquid 
helium.  No  further  external  magnetic  shielding  was  employed. 
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Fig.  2.  Schematic  of  the  bistable  SQUID  experiment  showing  the  Quantum 
Magnetics  chip  and  the  BTI  measuring  SQUID  coupled  with  a  superconducting 
transformer.  Noise  and  signal  voltages  supplied  by  the  external  electronics 
were  transformed  into  external  magnetic  flux  in  the  coil  Cl. 

EXAMPLE  EXPERIMENTAL  RESULTS 

In  our  experiment,  ^  ~  2.0  and  =  0.5$q,  values  which  guaranteed  that  the 
potential  was  bistable.  Experiments  were  performed  at  two  signal  frequencies,  17.6  Hz 
and  100  Hz  with  signal  peak  voltages  of  650  mV~pk  and  475  mV-pk  respectively.  The 
noise,  or  stochastic,  component  was  supplied  by  a  standard  noise  generator  and  the 
noise  voltage  varied  over  the  range  from  100  to  1500  wT-rms.  (1.0  V  was  equivalent  to 
0.1  of  applied  external  flux.).  The  power  spectra  of  (/(r)  were  measured  and  aver¬ 
aged  in  the  usual  way  at  the  output  of  the  BTI  SQUID  electronics,  and  the  signal-to- 
noise  ratios  (SNR's)  were  determined  from  the  measured  and  time  averaged  power 
spectra  of  the  output  of  the  BTI  electronics  using  a  conventional  definition.  The  results 
of  this  experiment  are  shown  in  Fig.  3  where  the  circles  represent  the  results  for  the 
low  signal  frequency  and  the  squares  for  the  high  frequency. 

At  each  frequency,  data  were  collected  for  two  different  signal  strengths.  For  each 
data  set,  a  clear  maximum  in  the  SNR  -  the  familiar  signature  of  SR  -  was  obsercved. 
The  maxima  in  the  SNR  occur  at  a  noise  voltage  of  ===700  mV  which  is  equivalent  to  an 
rms  fluctuation  of  0.07$q  within  which  a  coherent  signal  equivalent  to  0.02374>q  peak  at 
17.6  Hz  was  easily  detectable.  This  clearly  demonstrates  that  bistable  SQUIDs,  used  in 
combination  with  SR,  can  be  useful  in  detecting  weak,  coherent  magnetic  signals  buried 
in  external  noise,  an  application  of  considerable  importance. 

Work  supported  by  the  U.S.  Office  of  Naval  Research  grant  N00014-91-/-1979  and 
by  (^antum  Magnetics,  Inc. 

REFERENCES 

1.  R.  Benzi,  S.  Sutera  and  A.  Vulpiani,  J.  Phys.  A  14,  L453  (1981) 

2.  C.  Nicolis,  Tellus  34,  1  (1982) 

3.  B.  McNamara  and  K.  Wiesenfeld,  Phys.  Rev.  A  39,  4148  (1989) 

4.  B.  McNamara,  K.  Wiesenfeld  and  R.  Roy,  Phys.  Rev.  Lett.  60,  2626  (1988) 

5.  P.  Jung  and  P.  Hanggi,  Europhys.  Lett  8,  505  (1989) 


A.  D.  Hibbs  et  al  723 


DO 

s. 

cc 

z: 

</} 


•  ♦ 


■  «  *  ■  ■ 

o  O 


o  ■ 


o  □ 


11  □ 

o 


10 


□ 


04— 

100 


450  800  1150  1500 

rms  noise  (mV) 


Fig.  3.  The  SNR  versus  rms  noise  voltage  for  the  bistable  SQUID  experiment, 
with =  17.6  Hz,  =  650  mV- rms  (filled  circles)  and  =  237  mV  (open 
circles);  and  fg  =  100  Hz,  =  475  mV  (filled  squares)  and  =  237  mV 
(open  squares).  For  these  data  1.0  V  s  O.I^q  ^1  ihe  coil  Cl. 

6.  L.  Gammaitoni,  F.  Marchesoni,  E.  Menichella-Saetta,  and  S.  Santucci,  Phys.  Rev. 
Lett.  62,  349  (1989) 

7.  P.  Jung,  Z.  Phys.  B  16,  521  (1989) 

8.  P.  Jung  and  P.  Hanggi,  Phys.  Rev.  A  41,  2977  (1990) 

9.  M.  Dykman,  R.  Mannella,  P.  McClintock,  and  N.  Stocks,  Phys.  Rev.  Lett.  65,  2606 
(1990) 

10.  Proceedings  of  the  NA.T.O.  Advanced  Research  Workshop  on  Stochastic  Resonance 
in  Physics  and  Biology,  edited  by  F.  Moss,  A.  Bulsara  and  M.  F.  Shlesinger,  special 
issue,  J.  Stat.  Phys.  70  (1993). 

11.  F.  Moss,  'IStochastic  Resonance:  from  the  Ice  Ages  to  the  Monkey's  Ear"  in  An 
Introduction  to  Some  Contemporary  Problems  in  Statistical  Physics,  edited  by  George 
H.  Weiss  (SIAM,  Philadelphia,  in  press). 

12.  (Quantum  Magnetics,  11578  Sorrento  Valley  Road,  Suite  30;  San  Diego,  CA  92121. 

13.  See  for  example,  A.  Barone  and  G.  Paterno,  Physics  and  Applications  of  the 
Josephson  Effect,  (John  Wiley  &  Sons,  Inc.,  New  York,  NY,  1982). 

14.  ^-SQUIDS  can  respond  in  the  frequency  range  from  DC  to  gigahertz,  and  the  exter¬ 
nal  electronics  in  our  experiment  had  a  bandwidth  to  30  kHz,  consequently  the  SQUID 
and  its  external  electronics  can  respond  essentially  instantaneously  to  both  the  signal 
and  the  noise. 

15.  A.  Silver  and  J.  Zimmerman,  Phys.  Rev.  157,  317  (1967) 

16.  Biomagnetic  Technologies  Inc.;  San  Diego,  CA;  Model  420. 
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ABSTRACT 

For  the  first  time  correcting  stochastic  control  of  physiological  status  of  living  systems 
by  weak  low-frequency  fluctuating  magnetic  field  with  1  /f  spectrum  ( i/f  MF)  is  demonstrated 
experimentally.  The  correction  was  observed  in  all  main  systems,  including  cardiovascular, 
central  nervous,  immunity  systems  of  experimental  animals.  Pronounced  prophylactic  and 
therapeutic  influence  of  1/f  MF  on  malignant  growth  and  radiation  disease  was  discovered. 
Theoretical  interpretation  of  the  results  obtained  is  based  upon  the  notion  of  fundamental  role 
of  1/f  fluctuations  in  homeostasis  of  living  systems. 

INTRODUCTION 

Dynamics  of  many  functional  systems  of  a  healthy  organism  shows  low-frequency 
fluctuations  with  1/f  spectrum,  malfunctions  and  pathological  changes  are  accompanied  by 
distortions  in  1/f  spectral  dependencies  often  preceding  appearance  of  other  signs.  This 
phenomenon,  as  we  have  shown  may  be  explained  by  existence  of  stochastic  function  of 
homeostasis,  based  on  1/f  fluctuations  and  aimed  at  maintenance  of  biosystem’s  probabilistic 
integrity.  Realization  of  this  function  is  a  necessary  condition  for  stability  of  structural  and 
functional  regulating  mechanisms  and  defences.. 

Our  conception  implied  a  new  possibility  of  external  regulation  of  physiological  status 
through  correction  of  stochastic  mechanisms  of  homeostasis.  Such  regulation,  further  called 
stochastic  control  (SC),  is  based  upon  the  fact  that  a  living  system  includes  1/f  fluctuations  as 
an  active  element  of  its  organization  and  so  must  react  critically  not  only  to  inflows  of  substance 
and  energy,  but  also  to  exogenic  low-frequency  stochastic  background  Consequently, 
external  fluctuations  of  a  special  structure  can  be  used  for  control  of  a  biological  system.  It  is 
natural  to  assume  that  normalizing  SC  can  be  realized  by  an  agent  with  1/f  spectrum,  an  agent 
corresponding  to  physiological  norm  and  capable  of  restoring  and  stabilizing  1/f  spectra  of 
endogenic  fluctuations.  Literature  data  confirm  this  assumption  showing  positive  biological 
effects  of  1/f  noise  ’  and  negative  effects  of  other  low-frequency  noises 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

In  our  experiments  for  the  first  time  SC  with  weak  {E  <  kT)  magnetic  field  as  a  carrier 
of  controlling  1/f  signal  is  studied.  Such  carrier  permits  to  take  full  advantage  of  SC  as  a 
method  for  integral  biological  correction,  since  it  penetrates  deep  into  tissues,  is  nonspecific  in 
its  biologica^  action  and,  what  is  crucial,  is  able  to  transfer  biologically  significant 
information  .  An  extensive  series  of  tests  with  experimental  animals  was  carried  out.  The  field 
was  created  with  a  specially  designed  generator  of  1/f  noise  and  Helmholtz  rings. 

Directly  effects  of  1/f  MF  on  spectral  makeup  of  endogenic  low-frequency  fluctuations 
were  studied  for  ECG  signals  from  rabbits  with  initially  disturbed  cardiac  cycles.  The 
disturbances  appeared  as  distortions  in  I/f  pewer  spectra  of  ECG  fluctuations  (Fig.Ia)  and  as 
blurring  of  the  attractor  in  phase  coordinates  (Fig.2a).  The  primary  stage  of  the  response  of 
ECG  to  1/f  MF  was  restoration  of  1/f  spectra  (Fig. lb).  Then  functional  normalization  of  heart 
dynamics  took  place,  manifested  in  stabilization  of  phase  trajectories  (Fig. 2b)  and  decrease  in 
dispersion  of  ECG  parameters.  Thus,  dispersion  of  R-R  intervals  decreased  by  40-60%.  All 
manifestations  were  long-term,  holding  for  several  days  after  exposition  to  1/f  MF. 
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Fig. I.  Low-frequency  power  spectra  S{f)  of  ECG  signals  from  three  rabbits  before  (a)  and  after  (b) 
exposition  1o  1/f  MF.  Correction  of  spectra  for  rabbits  1,2  is  obvious  (for  convenience  the  spectra  are 
shifted  along  the  vertical  axis;  dependence  of  the  1  /f-t>'pe  is  shown  by  a  dashed  line) . 


Fig.2.  Phase  portraits  (T=  2.5  ms)  of  ECG  signals  of  rabbit  1  before  (a)  and  after  (b)  stochastic  correction. 


Response  of  central  nervous  system  to  ]  /f  MF  also  showed  a  shift  to  increased  stability 
and  decreased  random  chaos  in  EEG  dynamics,  as  was  demonstrated  by  fractal  analyses  of 
rabbit’s  EEG  signals  from  three  leads.  Correlation  dimension  D2,  which  gives  an  estimate  of 
the  lower  limit  of  fractal  dimension,  and  range  of  scales  Ar  in  which  attractors  retain  strictly 
fractal  structure  were  calculated  for  strange  attractors  of  the  signals  (Table  I  ).  1/f  MF 
decreased  D2  in  all  leads  and  al  the  same  time  extended  the  range  Ar.  It  means  that  brain’s 
electric  activity  became  less  chaotic,  retaining  at  the  same  time  its  structural  complexity. 
According  to  modern  psychophysiology,  such  changes  facilitate  memorizing  of  images  and 
development  of  conditioned  reflexes. 

1/f  MF  had  pronounced  supporting  effect  on  cell-bound  immunity.  After  exposition  of 
T-cells  and  other  leukocytes  in  vitro  or  in  vivo  to  1/f  MF,  the  cells  were  exposed  to 
concentration  hypoxia.  Resistance  to  hypoxia,  a  nonspecific  indicator  of  immunocompetent 
cells’  functional  reliability,  was  considerably  increased  (Table  II  ).  Decrease  in  fluorescence 
intensity  of  acridine  orange  dye  showed  that  density  of  nuclear  material  of  T-cells  increased 
and  approached  the  value  for  cells  before  their  exposition  to  hypoxia.  Percentage  of  survived 
cells  was  increased.  Effects  in  v/vt>  were  more  pronounced,  which  means  that  SC  was,  at  least 
partially,  effected  on  hierarchical  levels  higher  then  cellular.  The  obtained  results  imply 
substantial  strengthening  of  immunity  by  1/f  MF. 

1/f  MF  supported  also  adaptation  mechanisms,  as  was  testifield  by  the  increase  in 
endurance  of  experimental  animals  under  stress  conditions.  In  tests  with  compulsory 
swimming  in  cooled  water  rats  previously  exposed  to  1/f  MF  kept  on  the  surface  significantly 
longer  than  the  controls  (Table  III  ).  It  is  important  to  note  that  the  dependence  of  the  increase 
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in  endurance  on  the  number  of  expositions  to  1/f  MF  quickly  saturates.  It  suggests  that  1  /f  MF 
optimizes  homeostatic  functions  within  the  limits  of  the  natural  norm,  and  cannot  be  used  as  a 
dope. 


Tables  I-V.  Correction  of  physiological  status  of  experimental  animals  by  SC 


1  Functional  indicator 

No  SC 

Effect  of  SC  1 

1 1.  Fractal  stnicJiiring  of  EEG  signals  of  rabbits  (A-auditoix^  cortex  lead,  H-hippocamp  lead,  R-reticniar  formation  lead)  [ 

Estimate  D2  of  fractal  dimension  (arbitral  units) 

A 

2.52 

2.14 

H 

2.55 

2.03 

R 

2.62 

1.70 

Intei-val  of  fractal  scales  Ar  (arbitraiy  units) 

A 

~ 

— 

H 

2.46 

4.46 

R 

1.82 

3.00 

11.  Increase  in  resistance  of  rat's  immunocompetent  cells  to  hypoxia 

SC  in  vitro 

SC  in  vivo 

Dye  fluorescence  intensity’  in  nuclei  of  T-cells  (%  with  respect  to  the 
state  before  hypoxia) 

I58±I5 

123±I6 

87±26 

Survival  of  T-cells  under  conditions  of  hypoxia  ( 7^ ) 

37  ±2 

51  ±4 

59±9 

Survival  of  leukocytes  of  heparinizated  blood  ( % ) 

67  +  6 

94±12 

— 

I  III.  Increase  in  endurance  of  rats  under  stress  conditions  f 

1  Maximum  duration  of  swimming  in  cooled  water  (min)  | 

I18±ll 

146±13 

IV.  Protection  from  ionizing  radiation  damage  (R-rats,  .M-mice)  j 

SC  be  fore  X-ray 

SC  after  X-rav 

Survival  of  animals  (%)  for  X-ray  dose  4.0  Gy 

R 

70±10 

90  ±5 

90±5 

M 

20  +  4 

90±6 

_ 

The  same,  X-ray  dose  6.0  Gy 

R 

35±12 

50±3 

20±12 

M 

)0±3 

r~ 

+1 

_ 

V.  Prevention  and  cure  of  induced  Ehrlich  ascites  cancer  in  mice  ^ 

SC  at  an  early 
stage  of  cancer 

SC  at  a  la  to  stage 
of  cancer 

Survival  of  animals  (%) 

0 

73 

53 

1  Percentage  of  animals  without  signs  of  cancer  by  the  end  of  the  test 

0 

60 

40 

The  most  substantial  practical  confirmation  the  idea  of  SC  received  in  tests  with 
pathologies  that  require  maximum  support  for  organism’s  defences  and  regulating 
mechanisms,  namely,  radiation  disease  and  cancer.  Exposition  of  mice  and  rats  to  1/f  MF 
protected  them  from  radiation  damage  induced  by  X-rays.  Protective  effect  was  obtained  both 
when  exposition  to  1/f  MF  preceded  and  directly  followed  ionizing  irradiation,  the  effect  being 
more  stable  in  the  former  case  (Table  IV  ).  For  X-ray  doses  exceeding  6  Gy  correction  lost  its 
efficiency,  presumably  because  of  structural  destruction  of  the  systems  of  self-regulation  to 
which  SC  was  adressed.  Classical  technique  of  induced  Ehrlich  ascites  cancer  was  chosen  to 
test  SC  in  oncology.  Mice  with  induced  cancer  were  exposed  to  1/f  MF  at  early  or  at  late  stages 
of  cancer  growth.  In  both  cases  pronounced  therapeutic  effect  was  observed  (Table  V  ),  At 
early  stages  1/f  MF  either  inhibited  or  prevented  cancer  growth,  at  late  stages  induced 
involution  of  developed  cancer.  The  number  of  survived  animals  reached  up  to  70%,  with  zero 
survival  rate  for  controls.  The  correcting  influence  of  1/f  MF  showed  aftereffects  similar  to  a 
long-term  cancer-preventing  program.  According  to  our  preliminary  data,  this  program 
activates  melatonin  production  and  controls  a  number  of  specific  processes  in  cellular 
interactions. 
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CONCLUSION 

Our  experiments  prove  feasibility  of  normalizing  SC  of  living  system’s  physiological 
status.  Both  the  primary  act  of  SC,  namely,  stabilization  of  endogenic  1  /f  spectra,  and  increase 
in  functional  stability  of  organism’s  defences  and  regulating  mechanisms  were  demonstrated. 
Thus,  theoretical  biological  conceptions  used  as  a  basis  for  SC  were  confirmed. 

All  effects  of  SC  were  produced  by  extremely  weak  1/f  MF,  the  energy  of  which  is 
comparable  with  kT.  Hence,  influence  of  the  field  on  endogenic  processes  cannot  be 
determined  by  extensive  energy  absorption.  SC  is  likely  to  be  achieved  by  a  more  subtle 
selective  interaction  between  external  agent  and  fluctuations  in  an  organism,  coupling  of 
stochastic  patterns  and  not  energy  exchange  playing  the  leading  role.  Pathogenic  effects  of 
magnetic  fields  of  equally  low  strength  but  of  different  frequency  makeup  is  a  clear  proof  of 
the  existence  of  such  coupling.  In  this  context  SC  may  be  regarded  as  adjustable  low-frequency 
information  exchange  between  stochastic  environment  and  internal  stochastic  medium  of  a 
living  system  realized  in  physiologically  optimal  case  by  1/f  fluctuations.  This  interpretation 
agrees  with  theoretical  conception  of  T.Musha  ^  concerning  participation  of  1/f  fluctuations  in 
circulation  of  biological  information  inside  a  living  system,  and  extends  it  to  process  of 
interaction  with  environment. 

Morphologically,  the  information  transfer  channeel  for  SC  can  be  formed  by  organism  s 
supramolecular  heterogeneous  structures,  i.e.  by  the  functionally  connected  interphase 
regions,  such  as  electrical  double  layers  of  membranes  etc.  This  is  confirmed  b^^  model 
experiments  on  control  of  surface  1/f  fluctuations  in  nonliving  nonequilibrium  systems  .  After 
reception  of  SC  signal  by  interphase  regions  its  biological  processing  can  take  place  on  a  higher 
hierarchic  level  formed  with  participation  of  information  feedbacks  of  homeostasis.  The  fact 
that  on  macroscopic  scales  geometry  of  organism’s  interfaces  is  manifestly  fractal, 
corresponding  to  self-similarity  of  1  /f  fluctuations,  seems  to  us  very  relevant. 

At  present  more  detailed  interpretation  of  SC  is  difficult.  However,  it  is  clear  that 
further  study  of  this  phenomenon  can  improve  our  understanding  of  interactions  between  living 
systems  and  their  environment  and  elucidate  biological  functuon  of  endogenic  and  exogenic  1  /f 
fluctuations.  We  hope  also  that  SC,  after  clinical  testing,  will  find  its  application  in  medical 
practice. 
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ABSTRACT 


The  instruments  and  methods  which  make  it  possible  to  apply  1/f  noise  in 
reflexotherapy  by  action  of  physical  factors  on  biologicallyactive  points  are  dealt  with. 
The  efficiency  of  their  application  was  show  on  the  example  of  treatment  of  gastric 
and  duodenal  ulcers  without  medicaments. 


INTRODUCTION 


it  is  known  that  the  finest  coats  (biological  membranes)  connecting  living  cells 
with  the  outside  world,  with  chemical  substances  of  intercellular  environment,  with 
neighboring  cells  can  be  a  source  of  1/f  noise  [1].The  characteristics  of  1/f  noise 
contain  information  about  change  in  ion  fluxes  through  the  membrane,  about  pro¬ 
cesses  of  change  in  cells  taking  place  as  a  result  of  action  of  external  factors.  The 
frequency  range  of  action  of  external  factors  results  in  different  reactions  of  living  body 


INSTRUMENTS  OF  FLUCTUATIONAL  REFLEXOTHERAPY 


Methods  of  reflexotherapy  which  make  it  possible  to  have  effect  immediately 
upon  the  nervous  regulating  centers  of  mental  and  emotional  state  and  human 
physiological  functions  by  action  on  biologically  active  points  (BAP)  and  reflex  zones 
(RZ)  are  known  and  widely  used  in  treatment  of  different  diseases  of  alimentary  tract, 
nervous  system,  locomotor  apparatus,  etc. 

The  action  of  external  physical  factors  on  BAP  may  cause,  however,  undesir¬ 
able  side  effects  [3]. 
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Method  of  action  on  BAP  by  electric  fluctuational  signal  with  spectrum  of  1/f 
form  (1/f  noise)' is  the  most  physiologic  for  human  body. 

Besides,  the  problem  of  minimizing  the  dose  of  action  at  the  expense  of  current 
strength  decrease  and  period  of  action  when  the  therapeutic  effect  is  stable  or 
increase. 

Two  types  of  instruments  -  Start  5  3n  and  Start  6  311  were  designed  for 
realizing  the  method  of  action  on  BAP  by  1/f  noise. 

Start  5  3n  is  designed  for  carrying  out  medical  treatment  by  methodsof 
acupuncture  with  the  help  of  known  types  of  action  (direct  and  alternating  currents) 
and  with  the  help  of  new  type  of  action  -  1/f  noise.  Besides,  there  is  an  opportunity 
of  simultaneous  action  of  current  of  the  given  form  and  1/f  noise. 

The  instrument  is  operated  under  the  "Search"  and  "Treatment"  conditions. 
The  "Search"  condition  is  designed  for  finding  BAP  and  carrying  out  the  acupuncture 
diagnosis  by  Riodoracu.  Under  the  "Treatment"  conditions  the  action  on  BAP  is 
occurred  by: 

1.  1/f  noise, 

2.  direct  current  of  positive  polarity, 

3.  direct  current  of  negative  polarity, 

4.  alternating  current  of  sign  changable  polarity, 

5.  combination  of  2.,  3.,  4.  with  1/f  noise. 

The  instrument  makes  it  possible  to  act  on  BAP  by  electrode  (puncture  action) 
and  by  needle  (acupuncture  action). 

Medical  electroacupuncture  treatments  are  carried  out  by  a  reflexotherapeutist 
who  has  special  training,  knows  the  Bap  topography,  the  principle  of  their  selection 
and  combination  . 

Medical  electroacupuncture  treatments  may  be  carried  out  by  medium-level 
medical  staff  after  the  appropriate  doctor’s  instruction.  10  electrodes  are  provided  in 
the  instrument  Start  5  30  for  simultaneous  action  on  10  BAP. 

Start  6  30  is  a  compact  instrument  and  designed  for  acting  on  BAP  by  1/f 

noise  . 

The  treatment  with  this  instrument  may  be  carried  out  in  clinics,  outpatient 
departments,  and  in  every  day  life,  can  be  combined  with  other  therapeutical 
methods.  The  instrument  can  be  used  for  treatment  in  domestic  conditions  on 
doctor’s  orders. 

Specifications  of  the  instrument  Start  6  30  . 

1.  Action  signal  -  1/f  noise.  The  chosen  value  of  current  is  stabilized  and  does 
not  depend  on  resistance  of  patient’s  skin. 

2.  The  range  of  current  regulation  is  from  0  to  100/fA. 

3.  Peak  voltage  across  the  electrode  -  ±15  V. 

4.  The  range  of  regulation  on  action  period  is  from  20  to  60  sec. 

5.  Power-line  supply  of  220  V,  50  Hz  by  selfcontained  power  unit. 

6.  Overall  dimensions,  mm  180x30x20. 

7.  Mass  -  not  more  than  180  g. 
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METHOD  OF  FLUCTUATiONAL  REFLEXOTHERAPY 


The  developed  method  and  instruments  of  fluctuational  (noise)  refiexotherapy 
were  medically  tested  in  the  Republican  Medical  Diagnostic  Center  of  c.Kazan  in 
treatment  of  gastric  and  duodenal  ulcers  without  medicaments. 

Diagnosis  of  disease  and  dynamics  of  its  development  were  reliably  controlled 
by  laboratory  and  instrumental  examinations. 

The  treatment  was  prescribed  on  the  basis  of  acupuncture  diagnosis. 

100  patients  with  gastric  and  duodenal  ulcers  were  examined  andtreated  by 
this  method.  The  clinical  effectiveness  was  96  %. 

BAP  situated  on  the  upper  limbs  (10  II  show-sang-ly  on  the  right  and  on  the 
left),  on  the  trunk  (a  point-proclaimer  of  the  stomach  12  XIV  chzhung-vang  in  gastric 
ulcer  or  a  point-proclaimer  of  the  small  intestine  4  XIV  guang-yuang  in  duodenal  ulcer), 
on  the  external  ears  (AT87  point  of  the  stomach  in  gastric  ulcer,  AT88  point  of  the 
duodenum)  were  used  at  each  treatment. 

The  period  of  action  on  each  point  of  the  external  ear  is  30  sec,  on  corporal 
points  -  60  sec. 

The  current  strength  on  a  point  of  the  external  ear  is  25  //A,  correspondingly, 
on  corporal  ones  -  50 //A.  The  treatments  were  carried  out  every  day  for  10  days.  The 
course  of  treatment  may  be  extended  up  to  15-18  days,  if  necessary,  after  doctor’s 
control. 

Positive  results  were  also  achieved  at  the  employment  of  this  method  in  treating 
patients  with  diseases  of  respiratory  organs  (asthmatic  bronchitis,  bronchial  asthma), 
with  diseases  of  central  and  peripheral  nervous  system  accompanied  with  pain 
syndromes  and  vascular  disturbances,  with  diseases  of  locomotor  apparatus. 


CONCLUSIONS 


The  instruments  and  methods  of  fluctuational  refiexotherapy  by  action  on 
biologically  active  points  and  reflex  zones  of  1/f  noise  can  be  widely  used  in  treatment 
of  the  diseases  in  which  the  methods  of  electroreflexotherapy  are  recommended. 
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ABSTRACT 

It  is  well  known  that  sensory  information  in  biological  systems  is  transmitted  to  the 
brain  using  a  code  which  must  be  based  on  the  time  intervals  between  neural  firing 
events  or  the  mean  firing  rate.  However,  in  any  collection  of  such  data,  and  even  when 
the  sensory  system  is  stimulated  with  a  periodic  signal,  statistical  analyses  have  shown 
that  a  significant  fraction  of  the  intervals  are  random,  having  no  coherent  relationship 
to  the  stimulus.  We  call  this  component  the  "noise".  It  is  clear  that  coherent  and  inco¬ 
herent  subsets  of  such  data  must  be  separated.  The  power  spectrum  of  the  time  series 
of  firing  events  accomplishes  this,  and,  with  a  weak  periodic  signal  present,  one  can 
measure  the  signal-to- noise  ratio  (SNR)  from  the  power  spectrum.  These  tools  allow 
one  to  study  Stochastic  Resonance  (SR)  in  such  a  system.  In  this  paper  we  show  how 
SR  can  be  observed  in  a  commonly  used  neuron  firing  model,  the  FitzHugh-Nagumo 
(FN)  model,  and  how  an  electronic  analog  simulator  of  this  model  can  be  used  to  mimic 
electrophysiological  data  from  stimulated  mechanoreceptor  cells  in  the  crayfish  Pro- 
cambarus  clarkii. 


INTRODUCTION 

Stochastic  resonance  (SR)  is  a  dynamical  mechanism  whereby  the  noise,  or  random 
forcing,  inherent  in  a  certain  class  of  nonlinear  systems  can  actually  enhance  the 
transmission  of  information  through  the  system.  The  signature  of  SR  is  that  some  mea¬ 
sure  of  coherence  at  the  system  output  passes  through  a  maximum  with  input  or  inher¬ 
ent  noise  intensity,  thus  leading  to  the  concept  of  an  optimal  noise  intensity  for  infor¬ 
mation  transmission.  In  recent  years,  a  great  deal  of  interest  has  been  generated  by 
research  on  which  was  also  the  subject  of  a  recent  review^^  and  international 

workshop*  * .  That  SR  might  exist  as  an  evolved  detection  strategy  in  the  sensory  ner¬ 
vous  system  was  suggested*^  some  time  ago.  Moreover,  the  internal  neuronal  noise  in¬ 
tensity  depends  upon  the  stimulus  intensity  in  a  nonlinear  manner  through,  for  example, 
efferent  connections  in  the  visual  system*  and  is  often  much  larger  (sometimes 
several  orders  of  magnitude  larger!)  than  can  be  accounted  for  by  equilibrium  statistical 
mechanics*^. 

Recently,  based  on  comparisons  of  interspike  interval  histograms  obtained  from  pas¬ 
sive  analog  simulations  of  simple  bistable  systems,  with  those  from  auditory  neurons,  it 
was  suggested  that  the  noise  intensity  may  play  a  critical  role  in  the  ability  of  the  living 
system  to  sense  the  stimulus  intensity*^ in  this  work,  it  is  shown  that  in  both  simu¬ 
lations  and  in  actual  measurements  on  a  sensory  neuron,  the  addition  of  noise  to  a  weak 
signal  can  enhance  its  detection  ability,  that  is,  SR.  This  process  is  essentially  nonli¬ 
near,  and  it  indicates  the  ultimate  futility  of  attempts  to  understand  neural  information 
transmission  and  processing  using  any  linear  transform  theory  borrowed  from  electrical 
engineering. 

We  have  studied  SR  with  an  electronic  analog  simulator  of  the  FN  neuron  model. 
The  results  of  these  simulations  are  compared  with  those  from  experiments  on  the 
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mechanoreceptor  in  the  tailfan  of  the  crayfish  Procambarus  clarkii  (see  Douglass,  et  al^ 
this  conference).  The  FN  model  used  here  is  defined  by, 

r^v  =  v<v-  0.5)(1  -  V)  -  w  +  ^(0,  (2) 

Ty^w  =  V  -  w  -  [b  +  e  sin(a)r)],  (3) 


where  v  is  the  fast  variable  (action  potential)  operating  on  the  time  scale  Ty,  w  is  the 
recovery  variable  with  time  scale  7^^,  and  b  is  the  bifurcation  parameter.  The  stimulus 
intensity  is  e,  and  ^(r)  is  a  quasi  white,  Gaussian  noise,  defined  by  <|(0^(‘y)>- 


with  D  the  noise  intensity  and  r  a  (dimensionless)  noise  correlation 


time.  The  FN  system  is  a  limit  cycle  oscillator  controlled  by  b.  For  b  ,  the  only 
solutions  of  (2)  and  (3)  are  fixed  points;  for  b  '^b^  the  limit  cycle  solutions  obtain. 
One  excursion  around  the  limit  cycle  has  been  designed  to  accurately  mimic  a  single 
neuron  firing  event,  or  action  potential.  Since  we  are  not  dealing  with  pacemaker  cells 
in  our  crayfish,  it  is  necessary  to  operate  the  FN  with  b  <b^.  To  b  is  then  added  a 
weak  signal.  "Weak"  means  subthreshold,  that  is  e  <{bQ  -  b)  The  noise  shown  in 
(2),  can  equally  well  be  added  to  b  inside  the  square  brackets  in  (3).  Thus  we  have  a 
firing  event  whenever  the  noise  plus  the  signal  happen  to  exceed  b^  .  This  operation 
effectively  mimics  the  behavior  of  the  weakly  stimulated  crayfish  receptor  cells,  as 
described  by  Douglass,  et  al  (this  volume). 


EXPERIMENTAL  RESULTS 


Examples  of  our  experimentally  measured  power  spectra  are  shown  in  Fig.  1,  where 
the  results  of  the  FN  simulation  are  shown  on  the  left  and  of  the  crayfish  measurements 


Fig.  1.  Measured  power  spectra  for  15  Hz  noisy  stimuli:  from  the  FN  simula¬ 
tor  with  be  =  -0.18,  b  =  -0.12,  €  =  0.08,  =  0.008,  jy  =  r  =  10  /ty, 

=  100  ms  (left)  and  from  the  crayfish  (right). 
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are  shown  on  the  right.  These  two  power  spectra  were  measured  for  the  same  stim¬ 
ulus  frequency  and  with  approximately  the  same  statistics.  They  are  remarkably  similar 
indicating  that  the  FN  model  is  a  good  representation  of  the  actual  dynamics  of  the 
neuron.  Of  particular  importance  is  the  sharp  and  narrow  peak  at  co  which  represents 
the  signal  feature.  It  has  been  shown  theoretically^  that  the  sharpness  of  this  feature  is 
a  characteristic  of  the  SR  process.  It  should  also  be  noted  that,  when  operated  in  the 
limit  cycle  region,  b  >b(^y  there  is  a  noise  broadened  peak  at  the  limit  cycle  frequency 
which  is  not  characteristic  of  either  SR  or  the  behavior  of  stimulated  sensory  neurons 
(at  least  those  lacking  efferents).  The  SNR's,  defined  from  the  power  spectra,  as  the 
ratio  of  the  signal  strength  to  the  noise  intensity  at  the  signal  frequency,  are  obtained 
from  measured  power  spectra  at  various  noise  intensities.  The  SNR  versus  the  noise 
intensity  for  the  FN  model  (circles)  are  shown  in  Fig.  2  at  left  com  [pared  to  data  from 
a  crayfish  experiment  (triangles)  with  external  noise.  On  the  right  in  Fig.  2  is  shown  an 
SR  experiment  on  the  FN  model  taken  for  different  conditions  and  with  better  statistics. 
In  both  cases,  it  is  evident  that  an  optimal  noise  intensity  results  in  the  maximum  SNR. 
We  have  thus  demonstrated  SR  in  the  FN  model  and  were  able  to  successfully  mimic 
data  from  a  SR  experiment  with  the  crayfish  mechanoreceptor  cells. 

This  work  was  supported  by  the  U.  S.  Office  of  Naval  Research  grants 
N00014-92-7-1235  and  N00014-90-7-1327. 


Fig.  2.  (left)  SR  measured  in  the  FN  model  (circles)  compared  to  crayfish 
(triangles).  The  higher  values  for  the  crayfish  data  at  low  noise  are  due  to  a 
small  inherent  noise  in  the  receptor  cell,  (right)  SR  measured  for  the  FN 
model  with  better  statistics,  and  for  =  0.18,  ^  =  0  ,  Ty  =  t  =  10  /ls,  = 
10  mSy  e  =  0.03 
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1/F-LIKE  SPECTRA  IN  CORTICAL  AND  SUBCORTICAL  BRAIN 
STRUCTURES:  A  POSSIBLE  MARKER  OF  BEHAVIORAL  STATE-DEPENDENT 

SELF-ORGANIZATION 

C.  M.  Anderson,  T.  Holroyd,  S.  L.  Bressler,  K.  A.  Selz  and  A.  J.  Mandell. 

Center  for  Complex  Systems,  Florida  Atlantic  University,  Boca  Raton,  FL.  33431 

R.  Nakamura 

Laboratory  of  Neuropsychology,  NIMH,  Bethesda,  MD. 

ABSTRACT 

Recently,  power-law  scaling  of  power  spectra  with  scaling  exponents  close  to  -1 
(1/f-like  spectra)  have  been  observed  in  cortical  and  subcortical  brain  structures  in 
association  with  specific  behavioral  statesi-9.  Further,  1/f  processes  at  different  levels 
of  organization  have  been  reported  in  the  nervous  systems  of  vertebrates  and 
invertebrates  16 -22.  This  study  describes  the  1/f-like  appearance  of  cross-spectra 
between  cortical  sites  in  a  monkey  performing  a  GO/NO-GO  behavioral  task.  We 
found  broadband  1/f-like  coherence  spectra  (average  slope  =  -.84)  during  the 
“behaviorally  flexible”  state  of  tonic  arousal  shortly  after  the  monkey  had  initiated  the 
trial,  suggesting  that  this  brain  state  is  characterized  by  long-range  cortical  correlations. 
One  of  the  implications  of  these  findings  is  that  the  1/f-like  cortical  coherence  spectra 
may  provide  a  signature  of  brain  self-organization  during  specific  behavioral  states.  A 
more  general  implication  is  that  broadband  1/f-like  processes  across  many  levels  of 
organization  in  the  nervous  system  may  provide  a  versatile  and  parsimonious 
mechanism  for  binding  cortical  and  subcortical  nonlinear  oscillators  rapidly  and 
specifically  to  environmental  information. 

INTRODUCTION 

In  the  past  seven  years,  several  experimental  studiesi-7  have  reported  broadband  1/f- 
like  power  spectra  in  cortical  and  subcortical  brain  structures  associated  with  changes  in 
behavior  or  during  behavioral  tasks 8,9.  For  example,  Freeman2  reported  1/f  power 
spectra  in  the  surface  electroencephalograph  (EEG)  of  the  rabbit  olfactory  bulb,  nucleus 
and  cortex  preceding  inhalation  of  significant  odors  and*  1/f  noise’  in  the  surface  EEG 
of  the  visui  cortex  of  a  rhesus  monkey  performing  a  conditioned  response  to  a  visual 
conditioned  stimulus^.  Freeman  has  suggested  that  in  the  olfactory  system  this  1/f-like 
background  activity  is  chaotic  and  has  its  origins  in  the  activity  of  interconnected  neural 
masses  providing  a  flexible  common  carrier  wave  during  sensory  input-driven  self- 
organizationio.  hi  addition,  these  observations  seem  to  indicate  that  because*  1/f  noise’ 
appears  in  both  paleocortical  and  neocortical  areas,  it  is  not  due  to  the  unique  laminar 
complexity  (3  versus  6  layer)  or  connectivity  and  cell  types  of  either  type  of  cortex,  but 
rather  is  a  result  of  intrinsic  properties  of  cortical  masses. 

A  further  association  of  1/f-like  spectra  with  the  self-organization  of  the  nervous 
system  during  behavior  is  the  finding  of  1/f  activity  at  other  levels  in  the  newous 
system,  such  as  in  single  unit  neuronal  firing  patterns  during  circumscribed  behavioral- 
states.  The  behavioral  state-specificity  of  1/f  power  spectra  in  single  unit  activity  has 
been  reported  in  the  mesencephalic  reticular  formation,  hippocampus  and  ventrobasal 
thalamus  of  the  cat  during  iert  states  (orienting  to  birds)  and  during  the  state  of 
paradoxical  or  rapid  eye  movement  sleep  (REM)  L3-7.  These  experimentally 
determined  broadband  power  spectra  from  single  unit  activity  can  be  characterized  as 
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haying  1/fa  scaling  with  exponents  between  0.5  <  a  <2  over  1  to  1.5  decades3,4. 
Orienting  in  the  cat  during  the  onset  of  auditory  or  visual  stimuli  increases  activity  in 
noradrenergic  (NA)  neurons  in  the  locus  coeruleus  (LC)ii.  Orienting  responses  can  be 
elicited  in  many  mammals  by  stimulation  of  the  LC,  which  in  turn  has  been 
demonstrated  to  increase  cortical  single  unit  activity  and  the  amplitude  of  the  EEC 
MandeU  and  Selz^  investigated  the  power  spectra  of  interspike  intervals  of  LC  neurons 
projecting  to  wide-spread  areas  of  the  cortex  and  found  they  exhibited  inverse  power- 
law  1/fa  distributions.  They  proposed  that  NA  and  other  monoaminergic  brain  stem 
cell  body  groups  with  these  power  spectral  patterns  may  play  a  role  in  stabilizing  the 
widespread  quasiperiodicity  of  the  cortical  EEG  during  specific  behavioral  states  14, 15, 

At  the  level  of  individual  neurons,  1/f  patterns  of  current  fluctuations  have  been 
reported  in  the  resting  membrane  potential  at  the  nodes  of  Ranvier  in  the  frogi^  and  in 
squid  giant  axon  17  in  addition  to  1/f  distributions  of  conductance  and  potential  energy 
states  in  the  dynamics  of  ion  channels  in  mammalsi8,i9.  Also  1/f  time  relations  are 
found  in  the  spontaneous  spike  discharge  of  giant  snail  neurons^o  and  in  the  intervals 
between  successively  evoked  action  potentials  in  a  squid  giant  axon2i.  Furthermore, 
relationships  have  recently  been  proposed  between  fractal  channel  noise  and  fractal 
distributions  in  action  potentials'^.  Although  none  of  this  data  addresses  1/f  patterns  at 
the  cellular  level  during  specific  behavioral  states,  it  is  interesting  to  speculate  on  the 
reasons  for  the  presence  of  1/f  processes  at  many  levels  of  organization  in  the  nervous 
system.  Mandell23  proposed  that  a  simple  learning  process  such  as  habituation,  present 
in  a  self-similar  fashion  across  many  levels  in  the  nervous  system,  might  utilize  the 
“spectra  reserve”24  of  1/f  processes  to  bind  across  levels.  Another  consideration  is  the 
intricate  regulation  at  multiple  levels  of  the  nervous  system.  West 24  hypothesized  that 
self-sirmlar  feedback  systems  with  control  mechanisms  exhibiting  a  broadband  inverse 
power-law  form  would  have  greater  stability  than  systems  with  mono-frequency 
control  because  they  would  be  more  stable  to  loss  of  feedback  control  elements. 

A  possible  interpretation  of  these  diverse  findings  is  that  long-range  coupling 
between  many  brain  systems  (e.g.,  brainstem  and  neuronal  nonlinear  oscillators  in  the 
thalamus,  as  well  as  other  subcortical  sites  such  as  the  extended-amygdala25  and 
various  cortical  sites)  during  the  self-organization  of  behavioral  events  involves 
collective  interactions  occurring  on  multiple  time  and  frequency  scales.  This 
phenomenon  could  be  conceptualized  as  broadband  binding  and  has  analogies  to  the 
synchronization  of  chaotic  nonlinear  oscillators 26  in  which  two  separate  systems,  one 
chaotic  with  broadband  spectra,  and  one  a  nonchaotic  subsystem  of  the  first,  will 
converge  quickly  to  one  trajectory  when  linked.  Further  cortical  EEG  data  to  support 
this  interpretation  follows. 


METHODS  AND  RESULTS 

Bressler  and  Nakamura^  investigated  the  inter-area  synchronization  among 
transcortical  electrode  recordings  from  cortical  sites  in  a  rhesus  monJcey  performing  a 
GO/NO-GO  behavioral  response  paradigm.  In  this  study  a  water  deprived  monkey, 
after  initiating  a  trial,  was  required  to  discriminate  two  visual  stimuli  by  correctly 
releasing  a  lever  (GO  condition)  in  response  to  one  stimulus  (with  water  reward)  and 
holding  the  lever  for  500  msec  (NO-GO  condition)  in  response  to  the  other  stimulus. 
Each  session  consisted  of  1000  trials  randomly  presented  with  equal  probability, 
lasting  about  35  minutes  with  inter-trial  intervals  randomly  varied  from  0.5  to  1.25 
seconds.  We  examined  the  slope  of  the  coherence  spectra  from  6.25  to  93.75  Hz  (log- 
log,  Fisher  z-transformed  normalized  cross-power  spectrum)  between  recording  sites 
in  different  cortical  areas  (e.g.,  frontal,  striate,  parietal,  somatosensory,  and  motor) 
found  by  Bressler  and  Nakamura  to  have  high  coherence  values  prior  to  stimulus 
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presentation  and  during  the  behavioral  response  for  two  sessions  (SI,  S2).  Pairs  of 
electrodes  with  high  cotoence  accounted  for  roughly  10%  of  all  pairs  in  both  sessions. 
The  task  in  S2  was  identical  to  SI  except  that  a  stimulus  reversal  was  imposed  on  the 
task  (the  stimulus  that  had  previously  been  paired  with  water-“GO”-was  switched  to 
“NO-GO”)-  In  addition,  a  different  montage  of  cortical  sites  was  sampled  in  S2. 
However,  comparisons  between  sites  common  to  SI  and  S2  displayed  similar 
coherence.  For  a  160-msec-long  window  (Wl)  prior  to  stimulus  onset  and  an 
identical  window  (W2)  centered  on  the  mean  response  time  for  the  task,  the  mean 
slopes  ±  the  standard  error  of  the  mean  are  listed  in  table  1. 


Table  I:  Mean  slo 

pes  of  coherent  pairs. 

SESSION 

1  WIGO  1 

Wl  NO-GO 

W2GO 

W2  NO-GO 

SI 

-1.05  ±  .27 

-.52  ±  .06 

-1.21  ±  .17 

S2 

-.78  ±  .06  1 

-.71 +  .10 

wmsmmsm 

-.53  ±  .04 

The  slopes  from  all  groups  were  compared  by  three-way  (session  x  window  x 
condition)  ANOVA,  and  no  main  effects  were  detected.  However  two  interactions 
were  noted:  one  between  session  and  condition  (  F[l,  42]  =  11.22,  p  <  0.01)  and  one 
between  session,  window  and  condition  (  F[l,  42]  =  4.16,  p  <  0.05).  The  slopes  of 
Wl  were  compared  by  two-way  (session  x  condition)  ANOVA;  no  main  effects  of 
session  (  F[l,  20]  =  1,26,  p  >  0.05)  or  condition  (  F[l,  20]  =  0.19,  p  >  0.05)  were 
demonstrated  and  no  interactions  ( F[l,  20]  =  0.60,  p  >  0.05)  were  noted. 

DISCUSSION  AND  CONCLUSIONS 

The  findings  of  an  average  1/f-like  slope  of  -.84  for  the  pre-stimulus  period  Wl  is 
consistent  with  the  idea  that  fractal  time  processes  may  underlie  the  flexibility  of  the 
brain  in  responding  to  behavioral  challenges.  During  this  time  the  monkey  was  in  an 
alert  tonic  arousal  state,  motivated  by  water  deprivation.  Sheer27  has  made  a 
distinction  between  tonic  and  focal  arousal  in  relation  to  cortical  EEG.  Sheer  defines 
tonic  arousal  as:  “...an  oscillatory,  unstable  state  of  the  organism,  in  which  many 
different  subassemblies  of  the  intrinsic  electrical  activity  are  firing  in  different 
patterns. ...[N]ot  being  focused... [this]  represents  an  adaptive  ready  state  for 
significant  occurrences.”  The  potential  for  dynamically  rescaling  cortical-cortical  and 
cortical-subcortical  interactions  in  the  tonic  arousal  state  may  be  represented  in  the  1/f- 
like  signature  of  the  prestimulus  period.  Sheer’s  definition  of  focd  arousal  applies  to 
the  response  window  W2.  At  this  time  the  monkey  is  either  carrying  out  the  critical 
motor  task,  lifting  his  hand  from  the  lever  in  order  to  receive  water  or  suppressing  his 
response  before  the  500  msec  limit.  Sheer  stated  that  focal  arousal: 
“...needed... reinforcement  contingencies  to  dissociate  it  from  tonic  arousal.... With 
focusing  behavioral  operations,  such  as  reinforcement  contingencies,  subassemblies  of 
the  electrical  activity  now  fire  in  coherent  organizations  restricted  to  the  relevant 
circuitry.”  Dressier  and  Nakamura  found  a  broadband  increase  in  the  amplitude  of 
coherence  during  the  W2  GO  condition  in  the  same  electrode  pairs  and  concluded  that 
these  sites  were  functionally  linked  in  a  large-scale  network  during  the  motor  response 
onset.  This  finding  along  with  the  observed  difference  between  slopes  in  W2  across 
the  two  sessions  and  conations  (although  not  significantly  different),  suggests  that  the 
neural  processes  underlying  focal  arousS  may  be  distinct  from  tonic  arousal. 

In  summary,  we  suggest  that  the  shift  to  a  1/f-like  coherence  spectrum  between 
pairs  of  cortical  sites  during  specific  behavioral  states  such  as  tonic  and  focal  arousal 
implies  the  possible  use  of  dynamic  rescaling  of  cortical-cortical  and  cortical-subcortical 
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interactions  in  time  by  the  brain.  Further,  measurement  of  the  slope  of  the  coherence 
spectrum  between  two  cortical  sites  during  specific  behavioral  states  may  provide  a 
marker  of  behavioral  task-specific  self-organization.  Finally,  broad-band  1/f-like 
coherence  spectra  may  signify  a  state  of  readiness  in  which  chaotic  synchronization  or 
binding  between  brainstem  sites  and  cortical  and  subcortical  oscillators  can  occur 
during  the  dynamic  self-organization  of  brain  states.  The  presence  of  1/f  patterns 
across  the  phylogenic  scale,  across  levels  of  oganization  in  the  nervous  system  and  in 
the  “the  way  our  world  changes  in  time” 28  suggests  parsimony  in  the  way  nature 
constructs  organisms.  (This  work  was  supported  by  NIMH-MH191 16  and  the  Office 
of  Naval  Research,  Cognitive  and  Neural  Sciences  and  Systems  Biophysics  sections). 
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ABSTRACT 

We  study  a  class  of  neural  network  associative  memories  which  include  noise  and 
transmission  delays,  code  information  in  the  timing  of  spikes,  use  long-range  Heb- 
bian  couplings  plus  local,  inhibitory  couplings,  and  feature  low,  biologically  realistic 
neuronal  activity.  Recall  of  a  pattern  consists  of  a  synchronized,  periodic  firing  of  neu¬ 
rons.  We  find  a  Lyapunov  functional  for  the  noiseless  network  dynamics,  and,  using 
statistical  mechanics  and  numerical  simulation,  we  find  that  noisy  dynamics  improves 
the  network’s  ability  to  discriminate  stored  from  unknown  patterns. 

INTRODUCTION 

In  neurobiology  one  finds  neurons  with  both  short-  and  long-range  connectivity 
(pyramidal  ceUs)  and  neurons  providing  local  inhibition.  In  the  presence  of  a  “recog¬ 
nized”  stimulus,  neuronal  firing  probabilities  exhibit  a  temporal  periodicity  that  has 
a  spatial  phase  coherence.  We  attempt  to  address  these  experimental  observations. 

Our  network,  which  is  based  on  the  network  of  Ref.  [1],  consists  of  two  classes 
of  neurons  differing  in  their  range  of  connectivity  (global  v.  local).  Each  globally 
connected  neuron  connects  to  all  the  other  globally  connected  neurons  via  synapses 
programmed  by  the  Hebb  rule  to  store  p  N-hit  patterns.  Each  globally  connected 
neuron  also  connects  via  an  excitatory  synapse  to  one  locally  connected  neuron,  which 
connects  back  to  the  globally  connected  neuron  via  an  inhibitory  synapse. 

We  find  that  noise  in  the  neuronal  dynamics  improves  the  discrimination  of  stored 
patterns  from  unknown  patterns.  Without  noise,  the  network  fires  in  an  oscillatory 
pattern  in  response  to  both  stored  and  unknown  patterns,  albeit  with  a  much  stronger 
response  to  stored  patterns.  With  noise,  stored  patterns  still  evoke  a  strong  oscillatory 
response,  but  unknown  patterns  evoke  only  a  weak  static  response  (see  Figure). 

THE  MODEL  NETWORK 

The  membrane  potential  of  globally  connected  neuron  z,  z  €  {1,  •  • iV},  at  time  t 

N  D~1 

jt  =  l  T=0 

where  Si{t)  is  the  state  of  neuron  i  at  time  t  {-\-l  =  “firing,”  -1  =  “not  firing  ).  The 
term  hi^^{t)  represents  external  input. 


©  1993  American  Institute  of  Physics 


741 


742  The  Effect  of  Noise  on  a  Neural  Network 


The  coupling  constants  are 


The  first  term  models  synapses  programmed  by  the  Hebb  rule  to  store  p  random 
patterns  in  the  network  (the  ^th  bit  of  the  /fth  pattern  is  given  by  =  ±1).  We 
define  c'(r)  =  0  if  r  <  e'(7-)  =  ^(r  -  otherwise.  This  function  models 

the  transmission  time  for  a  spike  to  arrive  from  one  of  the  other  globally 

connected  neurons  and  the  response  in  time,  e(r),  of  a  globally  connected  neuron’s 
membrane  potential  to  the  arrival  of  a  spike.  The  second  term  in  (2)  models  the 
locally  connected  neurons,  and  the  time  course  of  their  inhibitory  effect  is  7]'(t)  =  0 
if  r  <  7]\t)  =  otherwise. 

The  probability  that  neuron  i  will  fire  at  time  t  is 

P{Si{t)  =  l)  =  1{1  +  tanh[/?(h,(f  -  1)  -  ^)]}.  (3) 

In  (3),  e  represents  the  neurons’  firing  threshold  and  1//?  =  T  is  a  “temperature” 
parameter  representing  the  effect  of  noise  in  the  system.  We  fix  a  scale  for  this 
parameter  by  choosing  the  normalization  e'(r)  =  l. 

EQUIVALENT  STATIC  SYSTEM  AND  LYAPUNOV  PUNTIONAL 

The  state  of  our  original  system  consists  of  the  N  variables  Si  =  ±1.  Imagine  a 
system  with  ND  variables  5,„,  1  <  i  <  TV,  0  <  a  <  Z)  -  1,  We  can  use  the  D  sets 
of  N  variables  to  represent  the  last  D  states  of  our  original  system.  Since  the  state 
of  the  expanded  system  consists  of  a  P  state  long  history  of  the  original  system,  we 
only  have  to  look  at  the  state  of  the  expanded  system  once  every  D  time  steps  to 
know  exactly  how  the  original  system  is  evolving  in  time.  If  the  state  of  the  expanded 
system,  as  observed  every  P  time  steps,  is  stationary  in  time,  then  we  know  that  the 
original  system  has  fallen  into  an  attractor  of  period  P  (or  a  divisor  of  P). 

We  construct  the  expanded  system  by  transforming  our  original  formulas  as  fol- 

~  ^  ^}+}b+'c  Va,a+T+1  Va,  implying  J,y(T)  ^ 

Jij  Va,  and  =  7“.  (cyclic  symmetry).  The  new  coupling  constants  are 
Jtj’  =  iabjf  Ep=i  and,  choosing  a  =  0,  hi{t)  =  + 

The  firing  probability  becomes  P(Sio(t)  =  1)  =  i{l  +  tanh[/?(hi(f  -  1)  -  «)]}, 
and,  since  Si{t  -  a)  =  Si(t  -  1  -  [a  -  1]),  we  have  Sia(t)  =  5,>-i(t  -  1)  for  a  >  0, 
completing  the  specification  of  the  dynamics  of  the  expanded  system. 

We  would  like  to  prove  that  at  T  =  0  our  network  will  settle  to  a  periodic  at¬ 
tractor  representing  associative  recall  of  a  stored  pattern.  Provided  e'(r)  and 
are  symmetric  about  r  =  f  -  1,  we  can  write  down  a  Lyapunov  functional  for 
the  T  =  0  dynamics  of  our  system  (see  Ref.  [3]).  For  convenience,  we  also  set 

Therefore  has  the  symmetry  =  j]f ,  and  ZJ"  =  0.  With  this  symmetry  and 
the  cycbc  symmetry  mentioned  above,  a  Lyapunov  functional  for  our  system  is 
1  N  D-i  N  n_i 


i,j=\  a,b=0 


(4) 
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From  now  on  we  take  to  be  independent  of  time.  In  Ref.  [3]  it  was  proved  that 
a  Hamiltonian  with  the  symmetry  properties  of  our  also  generates  the  equilibrium 
distribution  of  states  of  the  T  >  0  dynamics. 


THERMODYNAMICS 


To  describe  the  thermodynamic  state  of  our  system,  we  introduce  order  parameters 
which  measure  the  correlation  of  each  of  the  system’s  layers  with  the  stored  patterns, 
with  the  resting  (-1)  state,  and  with  a  random  pattern: 

=  —  ^(  — l)5ta,  m"  =  —  (5) 

i  i  i 

We  take  the  input  to  be  any  superposition  of  stored  patterns  and  a  random  pattern 
which  has  not  been  stored:  +  hQ.  We  chose  a  long  transmission  delay 

for  the  global  connections,  €ab  =  ^\a~blD/2y  ^1^4  a  short  delay  and  long  time  course  for 
the  local,  inhibitory  effect,  Tjab  —  ~  ^ab)- 

For  p  finite  and  iV  — ^  oo  we  can  use  the  methods  of  Ref.  [2]  to  obtain  the  free 
energy  density  /(/?): 


I3f{f3)  =:  max  | 


u 


2(V-1) 


(6) 


where  {m^}  solves  the  fixed  point  equations 


<  =  u 


sinh  Ea  JJ  cosh  Eb 
b^a 


PJ  cosh  El 


(7) 


and  where  =  /? 


.  The  averages  over 


+  h(  -  0  +  iyj 

are  Gaussian  averages  and  can  be  performed  explicitly  if  we  expand  the  products  of 
hyperbolic  functions.  For  and  m",  replace  the  p  in  (7)  with  -1  and  C,  respectively. 


CONCLUSION 

Numerical  simulations  of  the  network  (see  Figure)  show  that  with  noisy  dynamics 
(/?  =  3)  stored  patterns  evoke  a  strong  oscillatory  response,  while  unknown  patterns 
evoke  only  a  weak  static  response.  With  low-noise  dynamics  {jS  ~  20)  both  stored  and 
unknown  patterns  evoke  an  oscillatory  response.  In  agreement  with  these  simulations, 
numerical  solution  of  (6)  and  (7)  shows  that  at  /?  =  3  a  region  in  the  7]~6  plane  exists 
where  the  static  state  is  stable  in  the  presence  of  an  unknown  pattern  and  unstable 
in  the  presence  of  a  stored  pattern. 
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Figure  1:  Above:  Numerical  simulations  of  the  network  {N  ~  50000,  p  =  500,  p  =  I, 
0  =  2).  Below:  Phase  diagram.  In  the  presence  of  a  stored  pattern  {h^  =  h  =  0), 
the  oscillatory  state  is  stable  below  the  solid  line  and  the  static  state  is  stable  above 
the  dashed  line.  In  the  presence  of  an  unknown  pattern  {h^  —  0,  /i  =  1),  the  static 
state  is  stable  above  the  dotted  line.  Therefore,  the  shaded  area  between  the  dashed 
and  dotted  lines  is  the  desirable  operating  region.  For  aU  plots,  D  =  10. 
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ABSTRACT 

Hair-cell  ion  channels,  which  provide  a  crucial  link  in  the  transformation  of 
incoming  acoustic  information  to  neural  action-potential  trains,  switch  between 
open  and  closed  states  with  power-la.w-distributed  (tractal)  dwell  times.  Trains  of 
action  potentials  recorded  from  auditory  nerves  in  mammals  always  exibit  fractal 
behavior,  including  a  l//-t.ype  spectrum,  for  long  time  scales.  We  provide  a  math¬ 
ematical  model  linking  these  two  fractal  behaviors  within  a  common  framework. 


Transduction  of  mechanical  acoustic  information  into  electrical  nerve  impulses 
(action  potentials)  takes  place  in  the  mammalian  cochlea.  Hair  cells  in  the  cochlea 
release  neurotransmitter  at  a  rate  which  depends  on  the  level  of  acoustic  stim¬ 
ulation;  this  neurotransmitter,  in  turn,  stimulates  action-potential  production  in 
primary  auditory  nerve  fibers  synapsed  to  the  hair  ceils.  These  nerve  fibers  sub¬ 
sequently  transmit  this  auditory  information  to  the  brain.  Since  the  action  po¬ 
tentials  all  have  identical  waveforms,  the  information  is  carried  in  their  relative 
timing.  These  action  potentials  are  generated  in  fractal  or  clustered  patterns  even 
in  the  absence  of  external  acoustic  stimulation.^"^  Mathematically,  the  nerve-fiber 
activity  can  be  modeled  as  a  fractal  point  process.^"^ 

The  statistic  that  perhaps  best  illustrates  this  is  the  Fano  factor  F'(T),  which 
is  defined  as  the  ratio  of  the  variance  to  the  mean  number  of  action  potentials 
counted  in  a  specified  counting  time  T.  Varying  the  counting  time  T  over  a  range 
of  values  generates  a  Fano-factor  time  curve  (FFC).  For  a  homogeneous  Poisson 
process,  the  Fano  factor  assumes  a  constant  value  of  unity  for  all  counting  times  T. 
For  short  counting  times  the  FFCs  computed  from  auditory-nerve  action  poten¬ 
tials  remain  close  to  unit}^  However,  all  auditory-nerve  firing  patterns  examined 
to  date  reveal  a  Fano  factor  which  increases  as  a  power-law  function  of  the  count¬ 
ing  times,  i.  e.,  F{T)  oc  T",  and  this  fractal  relationship  holds  for  all  counting 
times  T  between  one  second  and  the  limit  imposed  by  the  finite  duration  of  the 
recording.  The  power- law  exponent  a  lies  between  zero  and  unity  for  all  such 
recordings. 

In  Fig.  1,  we  present  an  FFC  for  the  spike  train  on  a  cat  auditory  nerve  fiber, 
recorded  in  the  absence  of  aiw  stimulation;  it  shows  the  typical  power-law  be¬ 
havior  (solid  curve).  For  this  particulaT  recording,  a  0.5.  The  power  spectral 
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FFCS  FOR  NERVE  DATA  AND  SIMULATION 


cr 

o 

I— 

o 

< 

U- 

O  1 
’’ZL 
< 

L_ 

OJ  1  10 

COUNTING  TIME  T  (sec) 

density  of  the  action-potential  point  process  also  follows  a  power-law  form,  i.  e., 
^  with  a  power-law^  exponent  that  has  been  verified  to  be  identi¬ 

cal  to  the  corresponding  a  from  the  FFC,  both  experimentaly  and  anal3^tically. 
Other  statistical  measures,  such  as  rescaled  range  (R/S),  pulse-number  distribu¬ 
tions  (PNDs),  and  count-based  serial  correlation  coefficients,  also  highlight  the 
fractal  nature  of  auditory-nerve  action  potentials,  although  the  FFC  presents  this 
information  in  the  most  robust  manner. 

Another  statistical  measure  which  yields  complementary  information,  over 
short  time  scales,  is  the  interspike-interval  histogram,  also  known  as  the  pulse- 
interval  distribution  (PID).  The  experimental  PID  exhibits  a  delayed  exponen¬ 
tial  form.  The  simplest  mathematical  model  which  fits  all  the  above  statisti¬ 
cal  measures  for  the  auditory-nerve  firing  data,  appears  to  be  the  dead-time- 
modified  fractal-Gaussian-noise-driven  doubly  stochastic  Poisson  point  process 
(DTM-FGN-DSPP).^’^'’  In  this  process,  fractal  Gaussian  noise  (FGN),  with  a 
power  spectral  density  that  decays  as  serves  as  the  stochastic  rate  func¬ 

tion  for  a  nonhomogeneous  Poisson  process.  The  FGN  rate  function  providing 
the  best  fit  to  the  data  serendipitously  has  a  very  small  coefficient  of  variation, 
ensuring  that  the  rate  is  almost  always  positive,  thus  simplifying  the  analysis 
and  simulation.  Finalh’,  events  from  this  Poisson  process  which  occur  within 
the  (nonparalyzable)  dead  time  of  a  previous  event  are  deleted,  resulting  in  the 
DTM-FGN-DSPP.  Simulations  of  the  DTM-FGN-DSPP  "  yield  statistics  virtu¬ 
ally  identical  to  those  of  the  auditory- nerve  data.^’^  The  dotted  curve  in  Fig.  1 
shows  the  FFC  for  the  DTM-FGN-DSPP  model,  which  agrees  quite  closely  with 
the  solid  curve  generated  from  the  auditor3'-nerve  data.. 
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Might  the  origin  of  these  fractal  action-potential  occurrences  lie  in  the  fractal 
activity  which  also  occurs  in  cochlear  hair-cell  ion  channels?  Ion  channels  switch 
between  two  states,  open  and  closed,  and  the  dwell- time  distributions  often  obey 
power-law  forms  over  a  wide  range  of  dwell  timesd’^*^  Ionic  current  flows  at  a 
constant  rate  when  the  channel  is  open,  and  not  at  all  when  it  is  closed.  Thus 
a  fractal  Bernoulli  process  provides  a  good  model  for  a  single  ion  channel,  and  a 
fractal  binomial  process  models  a  collection  of  such  channels. For  independent 
ion-channel  dwell  times,  the  Bernoulli  process  of  the  openings  and  closings  of  a 
single  channel  form  an  alternating  renewal  process,  and  the  associated  statistics 
all  follow  fractal  (power-law)  forms.  For  a  collection  of  independent,  identical 
ion  channels,  the  statistics  of  the  resulting  binomial  process  also  exhibit  fractal 
behavior.  Consider,  for  example,  ion  channels  with  open  and  closed  dwell  times 
T  which  have  similar  fractal  distributions  decaying  as  Pr{T  >  oc  over 
some  range  of  dwell  times.  The  resulting  fractal  Bernoulli  and  binomial  processes 
have  an  autocovariance  function  C(t)  which  decays  as  and  a  power  spectral 
density  which  decays  as  1//",  where  o  lies  between  zero  and  unity.  Furthermore, 
a  power  spectral  density  which  decays  as  1 where  a  again  lies  between  zero 
and  unity,  can  also  be  produced  when  the  dwell  times  in  the  open  state  (for 
example)  are  negligeable  compared  to  the  dwell  times  in  the  other  state,  for  which 
the  associated  distribution  again  follows  a.  fractal  form,  given  in  this  case  by 
Pr{T  >  t]  oc 

Hair  cells  contain  K*^-ion  channels  which  operate  in  a  fractal  fashion,  and  thus 
a  fractal  binomial  process  is  expected  to  descril^e  the  K'*'-ion  concentration  within 
the  cell.  This  fractal  ion- channel  behavior  is  consistent  with  a  fractal  alternating 
renewal  process  model. Since  the  channels  have  identical  configurations  while 
open,  and  thus  the  openings  physically  resemble  a  renewal  process,  for  the  re¬ 
maining  anah^sis  we  make  the  reasonable  assumption  that  the  dwell  times  within 
and  among  channels  are  independent.  Even  if  such  dependency  exists,  it  would 
likely  not  affect  the  predictions  of  the  model. 

Since  there  are  many  fractal  ion  channels,  as  a  result  of  the  Central  Limit 
Theorem  the  binomial  process  converges  to  a  Gaussian  process  with  the  same 
fractal  power  spectral  density:  it  is  Iractal  Gaussian  noise.  Thus  the  K'*'-ion 
concentration  is  FGN  with  an  empirical  fractal  exponent  that  again  lies  between 
zero  and  unity.  Indeed,  the  voltages  of  excitable  tissue  membranes  at  rest  have 
long  been  known  to  exhibit  l//-type  fluctuations,  which  have  in  turn  been  traced 
to  fluctuating  K'^'-ion  concentrations.^^  This  fluctuation  establishes  the  Ca'*'+- 
ion  concentration  which,  in  turn,  determines  the  neurotransmitter  secretion  that 
produces  a  FGN  excitation  of  the  auditory  nerve  fiber  proportional  to  the  orig¬ 
inal  FGN  K'^-ion  concentration.  Assuming  that  an  auditory  nerve  fiber  would 
produce  a  homogeneous  Poisson  point  process  in  the  presence  of  a  steady  con¬ 
centration  of  neurotransmitter  (if  it  were  hypothetically  possible  to  so  excite  it), 
then  with  fluctuations  as  described  above  it  would  generate  action  potentials  as 
a  doubly  stochastic  Poisson  point  process,  with  the  stochastic  rate  given  by  the 
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FGN-varying  neurotransmitter  concentration.  With  the  imposition  of  dead-time 
effects  on  the  auditory  nerve-fiber  firings,  the  resulting  process  is  the  DTM-FGN- 

DSPP. 

The  approach  outlined  above  is  likely  to  be  applicable  to  a  wider  range  of 
situations  than  simply  spontaneous  auditory  nerve-fiber  firings.  In  the  presence 
of  a  pure-tone  stimulus,  fractal  behavior  in  the  auditory  nerve  is  maintained,  but 
with  an  apparent  increase  in  the  fractal  exponent. This  change  presumably 
originates  in  a  quantitative  change  in  the  open-  and  closed-time  distributions  for 
the  hair-cell  ion  channels,  but  not  in  a  qualitative  change  from  fractal  to  non¬ 
fractal  behavior.  Finally,  inasmuch  as  fractal  ion  channels  are  ubiquitous,  similar 
fractal  action-potential  activity  is  likely  to  appear  in  other  sensory  systems,  and 
indeed  in  many  biological  systems  in  general. 

The  question  of  the  origin  of  the  fractal  behavior  of  the  ion  channels  remains, 
although  several  possibilities  present  themselves.  Ion  channels  are  proteins,  with 
a  hierarchy  of  structure  on  many  length  scales,  and  therefore  exhibit  movement  on 
many  time  scales.  Thus  it  becomes  more  convenient  to  conceptualize  ion-channel 
behavior  as  1//  noise.^*^  Fractal  ion-channel  behavior  then  becomes  simply  a 
manifestation  of  the  underlying  time-scale  invariance  of  the  ion-channel  protein 
motion.  Another  possibility  is  that  the  ion-channel  fractal  behavior  is  an  emergent 
phenomenon,  occurring  only  in  aggregates  of  intercommunicating  channels.  Mech¬ 
anisms  for  this  interaction  could  range  from  self-organized  criticality,  to  spatio- 
temporal  chaos,  to  other  cellular  automata,  processes.  In  that  case  the  channels 
would  no  longer  be  independent,  but  the  overall  conclusions  would  still  be  valid. 
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1/f  NOISE  IN  MAGNETIC  RESONANCE 
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ABSTRACT 

A  (1//)^  behavior  in  a  high  power  magnetic  resonance  experiment  is  presented. 
The  experimental  observation  was  simulated  with  a  deterministic,  multi  mode 
model  of  spin  wave  dynamics  with  no  assumptions  of  randomness. 

INTRODUCTION 

As  the  amplitude  of  the  driving  field  h  m  a  magnetic  resonance  experiment  is 
increased  beyond  the  threshold  field  hth  for  linear  excitation,  where  the  spins 
execute  a  uniform  precession  about  the  static  field  Bq^  instabilities  of  non  uniform 
spin  waves  (SW)  [1]  occur  (for  a  recent  review  see  [2]).  In  particular  when  h 
is  applied  parallel  to  Bq  (parallel  pumping  (PP)),  SW  are  directly  excited  by  h. 
Due  to  the  non-linear  interaction  between  the  participating  SW  modes,  energy 
can  flow  back  and  forth  between  them  leading  to  a  noisy  absorption  of  power,  as 
observed  at  an  early  stage  by  Hartwick,  Peressini,  and  Weiss  [3].  For  driving  fields 
slightly  above  threshold  values  the  noisy  power  absorption  was  shown  to  exhibit 
low  dimensional  chaos  [4]  and  for  high  pumping  power  the  observations  of  high 
dimensional  chaos  have  been  reported  [5]. 

Here  a  1//^  behavior  with  (3  =  2.4  is  presented  which  was  observed  in  the 
microwave  absorption  of  a  very  high  power  PP  experiment.  Using  a  multi  mode 
continuous  model  of  SW  dynamics  the  essential  properties  of  the  experimental 
observations  were  reproduced  with  no  assumptions  of  randomness. 

EXPERIMENTS  AND  NUMERICAL  SIMULATIONS 

Single  antiferromagnetic  crystals  were  placed  at  the  center  of  an  9.1GHz  cavity  in 
the  PP  configuration.  By  increasing  the  power  well  above  the  threshold  value  for 
the  PP  process  chaotic  auto  oscillations  were  observed  in  the  kHz  region  as  re¬ 
ported  elsewhere  [6].  In  the  experiments  described  here  a  further  increase  in  power 
revealed  a  very  broad  frequency  spectrum.  This  behavior  was  very  sensitive  to 
the  external  parameters  such  as  applied  field,  temperature  and  microwave  power. 
Figure  la  shows  such  a  time  dependence  of  the  microwave  absorption  sampled  at 
50.137kHz  over  a  period  of  100ms  for  very  strong  pumping  power  P  oc  which 
was  about  45dB  above  the  threshold. 

In  Fig.  lb  the  logarithm  of  the  power  spectral  density  was  plotted  vs.  the 
logarithm  of  the  frequency  revealing  a  nearly  linear  decay  over  1.5  orders  of  mag¬ 
nitude.  The  line  in  Fig.  lb  represents  a  fit  over  1.5  decades  of  the  low  frequency 
part  of  the  power  spectrum  resulting  in  the  exponent  p^xp  —  ~  logp/  log  /  ~  2.4. 
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Figure  1:  (a)  Time  dependence  of  the  microwave  absorption  measured  by  PP  in 
an  antiferromagnet.  (b)  Logarithm  of  the  power  spectral  density  p  vs.  logarithm 
of  frequency  f.  The  line  is  a  linear  fit  over  1.5  decades  of  the  low  frequency  part 
of  the  power  spectrum  with  an  exponent  (S^xp  =  -  ^ogp/  log  f  ^  2.4. 


In  order  to  simulate  the  time  dependence  observed  in  experiment  numerical 
integration  of  the  stroboscopic  model  (SM)  of  spin  wave  dynamics  [7]  was  per¬ 
formed.  The  starting  point  of  the  SM  was  a  classical  equation  of  motion  for  the 
magnetization  M: 

dM 

—  =  7M  X  HefF  (1) 

where  7  the  gyromagnetic  ratio,  and  Heff  ==  h{t)  -f  -f  is  the  effective  field, 
which  included  a  pump  field  h(t)  an  anisotropy  field  in  the  x  direction  = 
and  in  the  z  direction  =  —dAzSz  respectively,  and  the  interaction 
field  /lint, a:  =  Standing  SW  were  represented  by  a  fictive  classical  spin 

S  of  constant  magnitude.  For  the  PP  case  the  following  set  of  equations  for  the 
polar  angle  cj)^  and  the  azimuthal  angle  of  the  spin  strobed  every  second 
pump  period,  was  obtained  in  normalized  dimensionless  units: 

=  /i||afcsin0i,sin2((/i;t)  -  r’fcsin^A:  + 

+  sin  Ok  sin^  sin  2(A<j6fc^)  , 

3 

/ijin^  cos  9k  cos  2((^fc)  -f  +  ^^(1  —  cos  9k^  + 

+  cos  Ok  Y,  sin^  BjBkj  cos  2( A(?!>fc^)  ,  (2) 


dBk 

dt 


d(t)k 

dt 
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where  ajt  =  dAx,kl‘^^p  is  the  coupling  of  the  parallel  pump  field  /ly  to  mode 
d  —  dAx,kl*^  -  dAz,k  is  the  self  de-tuning,  Aujk  =  ^p/2  -  tUk  is  the  de-tuning  of 
the  SW  frequency  cuk  ~  /i]|  +  dAx,kl‘^  -  dAz,k  from  half  the  pump  frequency  Wp, 
/i|j  is  the  PP  field  amplitude,  and  A(f)kj  =  (f>k  ~~  The  interaction  between  the 
modes  is  described  by  Bjk-  Finally  Vk  is  the  damping  of  mode  k.  The  microwave 
absorption  is  obtained  from  the  model  (Eq.  2)  as 

n 

^th  —  ^11  Qj  sin^  Oj  cos  2<j)i  (3) 

t=i 

[8].  Because  in  the  PP  experiment  there  is  a  degenerate  band  of  SW  which  can 
be  directly  excited  by  the  pump  term  /ij|  in  Eq.  2  it  is  not  possible  to  determine 
from  the  experiment  how  many  modes  are  excited  [9]. 

A  numerical  integration  of  Eq.  2  was  performed  by  considering  an  increasing 
number  N  of  modes  driven  by  a  strong  pumping  field  (/i||  =  105).  The  coupling 
of  the  pump  field  to  the  mode  k  decreased  exponentially  (a^  =  (1/2)'^“^).  The 
damping  r*  =  0.1  and  self  de-tuning  dk  =  0.5  were  equal  for  all  modes  and  the 
de-tuning  decreased  in  a  linear  way  from  AoJk  =  0  for  mode  one  to  Au)k  =  —  3.6 
for  mode  ten.  The  neighboring  modes  were  coupled  by  Bkj  =  —7.5  for  j  =  ^  ±  1 
and  next  neighboring  modes  by  Bkj  =  0.5  for  j  =  A:  ±  2. 

The  exponent  obtained  from  the  simulation  for  the  scaling  of  the  first  1.5 
frequency  decades  of  the  power  spectrum  is  shown  as  a  function  of  the  number  of 
modes  in  Fig.  2. 


Figure  2:  Scaling  exponent  ^th  =  —  logioP/  logic  /?  where  p  and  /  are  the  power 
spectral  density  of  the  signal  obtained  from  Eq.  3  and  the  frequency  respectively 
vs.  number  of  modes  N  used  in  Eq.  1. 

In  the  case  of  two,  three,  and  four  modes,  the  exponent  fS  is  not  defined  because 
the  system  became  periodic.  The  general  trend  up  to  iV  =  9  is  that  (3  decreases 
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with  N.  For  iV  =  9  the  simulation  gave  the  same  exponent  as  the  experiment. 
Coupling  further  modes  to  the  system  led  to  an  increased  jS  ior  N  ~  10,  and  for 
eleven  modes  the  system  lost  its  time  scale  invariance  and  became  periodic. 

In  conclusion,  high  power  magnetic  resonance  experiments  reveal  (1//)^  de¬ 
pendence  of  the  power  spectral  density  where  /3  =  2.4.  These  measurements  were 
compared  to  the  results  of  a  multi  mode  model  of  spin  wave  dynamics  which  gave 
the  same  exponent  for  nine  modes. 

The  author  acknowledges  many  helpful  discussions  with  P.  Erhart  and  F.  Wald- 
ner.  This  work  was  supported  by  the  Swiss  National  Science  Foundation. 
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